
Algorithms and Design Strategies Towards Automated 
Glycoproteomics Analysis

Han Hu1,2, Kshitij Khatri2, and Joseph Zaia2,*

1Bioinformatics Program, Boston University, Boston, Massachusetts 02215, USA

2Center for Biomedical Mass Spectrometry, Department of Biochemistry, Boston University 
School of Medicine, Boston University, Boston, Massachusetts 02118, USA

Abstract

Glycoproteomics involves the study of the glycosylation events on protein sequences ranging from 

purified proteins to whole proteome scales. Understanding these complex post-translational 

modification (PTM) events requires elucidation of the glycan moieties (monosaccharide sequences 

and glycosidic linkages between residues), protein sequences, as well as site-specific attachment 

of glycan moieties onto protein sequences, in a spatial and temporal manner in a variety of 

biological contexts. Compared with proteomics, bioinformatics for glycoproteomics is immature 

and many researchers still rely on tedious manual interpretation of glycoproteomics data. As 

sample preparation protocols and analysis techniques have matured, the number of publications on 

glycoproteomics bioinformatics has increased substantially; however, the lack of consensus on 

tool development and code reuse limits the dissemination of bioinformatics tools because it 

requires significant effort to migrate a computational tool tailored for one method design to 

alternative methods. This review discusses algorithms and methods in glycoproteomics, and refers 

to the general proteomics field for potential solutions. It also introduces general strategies for tool 

integration and pipeline construction in order to better serve the glycoproteomics community.

I. INTRODUCTION

Protein glycosylation is the most common and complex form of post-translational 

modification (PTM) covering a large portion of the entire protein repertoire (Apweiler et al. 

1999, Khoury et al. 2011). Glycosylation modulates the biophysical properties of the carrier 

proteins and strongly influences interactions with binding partners. Because glycosylation is 

essential to all physiological systems, characterizing glycoproteomes (Thaysen-Andersen & 

Packer 2014) is a critical step to understanding the functions of individual proteins and 

dynamically regulated protein networks in both normal and pathogenic conditions (Ohtsubo 

& Marth 2006, Freeze 2013).

Glycan biosynthesis occurs with strict enzymatic specificity; glycans are appended to 

specific attachment sites (sequons) on the protein sequences and then subjected to a series of 

enzymatic modifications. In eukaryotes, glycosylation is usually divided into two main 
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categories: N-glycosylation and O-glycosylation; other types exist but are rare. N-

Glycosylation sites consist of the characteristic sequon Asn-X-Ser/Thr, where X represents 

any amino acid except proline. Asparagine residues not located in canonical sequons occur 

in rare circumstances (Zielinska et al. 2010). All N-glycans share a common pentasaccharide 

core sequence, and are classified into three categories depending on the topology of the 

glycan residues attached to the core: high mannose, complex and hybrid type. By contrast, 

O-glycosylation shows more diverse forms in terms of the attachment site and linker 

monosaccharide. Mucin-type O-glycans are covalently attached to a hydroxyl group of 

Ser/Thr through N-acetylgalactosamine (GalNAc) and involved in host defense by trapping 

bacterial pathogens. Many nuclear, cytoplasmic and mitochondrial proteins are dynamically 

modified at Ser/Thr residues by β-N-acetylglucosamine (GlcNAc) or phosphorylation, and 

responsible for cellular signaling events. Proteoglycans have Ser residues modified by 

glycosaminoglycan (GAG) chains via a xylosyl linker, and participate into protein binding 

events via sulfated GAG chains. O-mannosylation and O-fucosylation are important 

modifications found only on a subset of animal proteins.

In contrast to classical information carrier macromolecules (DNA, RNA and protein), the 

synthesis of glycans is non-template driven, and therefore results in heterogeneous mature 

structures. Thus, spatial and temporal variability of glycosylation increases the diversity of 

the protein sequences by several orders of magnitude. Taken as a population, mature 

glycoproteins exist as a set of glycosylated forms distinct in structures and functions. Thus, 

within a protein population, some glycosylated forms will bind a given partner and have an 

associated biological function and others will not bind. In order to determine structures of 

functionally relevant glycoprotein forms, multiple techniques have been used to study the 

combinative structures of proteins and glycans (Mariño et al. 2010).

Mass spectrometry has emerged as an essential technique in glycoprotein and 

glycoproteomics analysis due to its high throughput, high sensitivity and capability of 

analyzing complex samples. Over the past few years, mass spectral sample throughput, 

sensitivity and data quality have increased rapidly. The consensus is that the best quality data 

result from the combination of collisional (including collision-induced dissociation (CID) / 

collisionally activated dissociation (CAD)), high-energy collision dissociation (HCD)) and 

activated electron dissociation (including electron capture dissociation (ECD) and electron-

transfer dissociation (ETD)) to provide complementary sequence information of the 

glycopeptides, and allow the identification of glycopeptide from the tandem mass spectra in 

a single step (Mayampurath, Yu, et al. 2014).

Compared with the rapid advance of instruments and experimental workflows, the 

development of tools supporting (semi-) automated glycoproteomics analysis remains 

immature compared to that for computational proteomics (Perez-Riverol et al. 2014). Most 

glycoproteomics software packages are tailored to the needs of individual glycoproteomics 

laboratories with little attention to code reuse. It would be beneficial to have integrated and 

automated frameworks for glycoproteomics, similar to those in proteomics (Sturm et al. 

2008, Deutsch et al. 2010, McIlwain et al. 2014, Vaudel et al. 2015). These frameworks 

should in principle consist of modules for file conversion, spectra pre-processing, sequence 

identification, quantification and, favorably, visualization and interaction with online 
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databases (Figure 1). However, many state-of-the-art tools in proteomics remain unassessed 

or incompatible (either on format or algorithmic principle) regarding their validity in 

glycoprotein/glycoproteomics study. As a result, researchers in glycoproteomics often find 

themselves in a dilemma whether to modify existing proteomics tools or to develop tailored 

tools from scratch.

In this review, we discuss current problems and computational solutions in glycoproteomics 

and explore the options of migrating comparable approaches in the larger proteomics field. 

While the overall workflow for glycoproteomics as shown in Figure 1 bears similarity to 

those used in proteomics, major differences exist in the strategies for glycopeptide 

identification, validation of results and subsequent quantification of the identified species. 

The data pre-processing and output visualization steps are integral to mass spectrometry 

based analytics, regardless of the analyte. Mature strategies from proteomics can therefore 

be directly applied to glycoproteomics data for data preprocessing, protein inference and 

results visualization. To that end, we discuss several strategies towards code reuse and 

pipeline deployment. Readers should refer to recent literatures (Li et al. 2013, Desaire 2013, 

Dallas et al. 2013, Woodin et al. 2013) for comprehensive overviews of specific software 

tools in glycoproteomics analysis.

II. IDENTIFICATION METHODS FOR GLYCOPEPTIDES

In a typical shotgun proteomics study, protein sequences are digested into peptides during 

proteolysis where the cleavage sites depend on the specificities of the enzymes. Trypsin, the 

most commonly used enzyme, specifically cleaves the sequences at the carboxyl side of 

arginine and lysine, unless preceded by proline. The peptide mixture undergoes 

chromatographic separation and mass spectrometric analysis. Designated peptide ions 

(precursor ions) are further dissociated into fragments (product ions) with their m/z values 

and abundances recorded as tandem mass spectra. The procedure of sequencing, or structure 

identification, involves proposing candidate sequences for the spectra that meet the 

instrumental, analytical and biological constraints. These constraints include: (1) precursor 

ion: the theoretical mass values, isotopic distribution and other characteristic features from 

the predicted sequence should match the observation; (2) product ion: the predicted product 

ion mass values and their expected relative ion abundances (if applicable) and neutral loss 

should match the actual tandem mass spectra; (3) spectra: structurally related sequences, e.g. 
alternative splicing variants and proteoforms (Smith et al. 2013), should produce similar 

spectra; and (4) sequence pattern: the predicted sequences should largely follow the 

enzymatic cleavage rules and biosynthetic rules posed on the molecule species. Depending 

on whether a prior sequence database is involved, identification methods are broadly divided 

into database search and de novo sequencing (Figure 2). Database search method looks for 

candidate peptides from in silico digested protein sequences, while de novo sequencing 

usually explores the relationship among peaks and constructs paths to represent candidate 

peptides. Once proposed, the candidate sequences are scrutinized and weighted according to 

their fitness to the constraints listed above, and top candidate(s) kept as the identified 

sequence(s) for the spectrum. Alternative methods also remain important in tandem MS-

based sequence identification. These include hybrid methods, which combines the features 
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of database searching and de novo sequencing, and spectral libraries, which store annotated 

tandem MS spectra for searching.

In addition to generating candidate sequences, algorithms should also try to capture the 

characteristics of the generated tandem mass spectra. This step strongly depends on the 

mechanism of the fragmentation, and is affected simultaneously by multiple factors, 

including instrument types, collision energies, and experimental design (e.g. MSn). Using 

vibrational dissociation methods (including CID, CAD, HCD, and IRMPD), product ion 

abundance scales directly with bond lability. Thus, cleavage of glycosidic bonds is favored 

using vibrational dissociation. Nonetheless, at higher energies, dissociation of the amide/

peptide bonds occurs and therefore yields peptide backbone information. As a complement, 

activated electron dissociation (ExD) methods, such as ECD and ETD, maintain the glycan 

moiety on peptide fragments, which is extremely useful in identifying the exact attachment 

site of the PTM. Sequential MS/MS (MSn) can also be used with either CID or ETD for 

multi-stage fragmentation of glycopeptides to yield the desired information on the glycan or 

peptide backbone. Different fragmentation methods and their corresponding patterns are 

summarized in Table 1. Identification of the peptides, glycan structures as well as their 

attachment sites all benefit from such complementary structural information. The study of 

fragmentation methods to generate informative fragments (Vékey et al. 2013) is a fast-

moving field in glycoproteomics, as new instruments and dissociation techniques 

consistently emerge and couple with new fragmentation patterns, which requires frequent 

update of scoring models.

A common strategy to simplify the glycopeptide identification complexity is to divide the 

task into known problems in proteomics and glycomics. This allows the software packages 

used in proteomics and glycomics to be integrated into the glycoproteomics workflow with 

little modification. From the perspective of the peptide, the attached glycan moieties 

correspond to PTM of large mass values, and may derive multiple PTM variants if the 

fragmentation causes loss of glycan residues. Each PTM variant expands the search space 

and therefore the computational time to generate the candidate sequences. Accompanied 

with deglycosylation or a genetic editing technique such as SimpleCell (Steentoft et al. 

2011), glycopeptides are converted into peptides with homogeneous modifications, which is 

a routine PTM localization task supported by mainstream search engines (Chalkley & 

Clauser 2012). On the other hand, the glycan moieties can be detached and sequenced 

separately following traditional glycomics workflow (Leymarie & Zaia 2012), or built upon 

the peptide backbone in a de novo style through dynamic programming (DP) (Serang et al. 

2013). We will discuss these strategies in the following subsections.

Analysis of glycoprotein site-specific glycosylation requires the identification of 

glycopeptides (component 3 in Figure 1), validation of the sequence-spectrum match 

(component 4 in Figure 1), and mapping of peptides into proteins (component 5 in Figure 1). 

Currently, most algorithms and tools focus on improving the performance in glycopeptide 

identification step (component 3 in Figure 1), which can further be divided into four smaller 

steps, including: (1) detection of glycopeptide spectra, (2) inference of peptide mass and 

selection of candidate sequences, (3) inference of the glycan structure information, (4) 

scoring the peptide/glycan-to-spectrum matches. The detection of glycopeptide spectra can 
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be finished either on MS1 level based on mass defect (Froehlich et al. 2013) or MS2 using 

oxonium ions or other characteristic ions such as 0,2X ions (for low resolution CID on acidic 

glycopeptide (Irungu et al. 2007)). Intact peptide masses can be corrected from 

deglycosylated peptides or Y-ions of glycopeptides (Cheng et al. 2014, Lynn et al. 2015). In 

the case of one glycosylated site, the glycan mass can then be inferred by deducting the 

inferred peptide mass from the precursor ion mass. Alternatively, combinations of peptides 

and glycans can be enumerated and evaluated based on the matching between the spectrum 

and peptide/glycan.

A. DATABASE SEARCH-BASED METHODS

In 1994, Mann and Wilm introduced PeptideSearch (Mann & Wilm 1994) to extract 

sequence tags from tandem mass spectra and search them against the sequence database. In 

the same year, Eng et al. (Eng et al. 1994) implemented SEQUEST, an automated database 

search method based on a cross-correlation function. Since then, several other database 

search methods have been developed, including Mascot (Perkins et al. 1999), X!Tandem 

(Craig & Beavis 2004), OMSSA (Geer et al. 2004), MyriMatch (Tabb et al. 2007), 

ProteinProspector (Clauser et al. 1999, Chalkley et al. 2008), Andromeda (Cox et al. 2011), 

Morpheus (Wenger & Coon 2013), Comet (Eng et al. 2013), and MS Amanda (Dorfer et al. 

2014). Database search methods are widely used in peptide identification (Steen & Mann 

2004, Sadygov et al. 2004), and remain the standard procedure in large-scale proteome 

analysis workflow (Kim et al. 2014, Wilhelm et al. 2014). Despite their distinct features, all 

search engines follow the general procedure of matching the experimental tandem mass 

spectra against a sequence database.

There are multiple stages to associate a tandem mass spectrum to a candidate sequence in 

the database (Figure 2). Each protein sequence is digested to peptides in silico based on the 

cleavage specificity of the enzyme specified. These peptides may be further fragmented to 

generate theoretical tandem mass spectra according to the favored ion types of the selected 

fragmentation method. The similarity between experimental data and expected data may be 

measured either on the spectral level (spectrum-spectrum similarity, such as SEQUEST (Eng 

et al. 1994)), fragment level (ion count or scoring function based on matched ions, the 

method adopted by most database search engines) or peptide level (homology search, such 

as PEAKS DB (Zhang, Xin, et al. 2012)). Sadygov et al. categorized the scoring function of 

peptide-spectrum match (PSM) into four types: descriptive, interpretative, stochastic and 

probability-based (Sadygov et al. 2004). Despite its specific form, the actual performance of 

a scoring function relies on how its assumption fits the actual data. As suggested by Wenger 

& Coon, when high accuracy data are used, a simple counting strategy (used by Morpheus) 

beats the complex probabilistic models used by other search engines (Wenger & Coon 

2013). When the searching performance is a concern, sequence tags (short amino acid 

sequences) derived from the spectrum can be used to filter the candidate sequences and 

therefore reduce the search space (Tabb et al. 2003).

Glycopeptide identification based on database searches usually requires separate 

identification of the peptides and glycans. GlycoPep Evaluator (Zhu et al. 2014) generates 

peptide candidates containing the characteristic sequon, and glycan list from GlycoMod 
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(Cooper et al. 2001). GlycoPeptideSearch (Chandler et al. 2013) provides a comprehensive 

solution for glycopeptide identification, and implements functions such as glycopeptide 

spectra detection (oxonium ions recognition), intact-peptide fragment ion matching, glycan 

structure retrieval, evaluation of spectrum to peptide/glycan matches and FDR estimation. 

GlycoMaster DB (He et al. 2014) searches protein sequence database and glycan sequence 

database for the best pair, and uses the complementary information from HCD/ETD pairs to 

derive the glycopeptide sequences. The separation of peptide and glycan also means current 

search engines can be adapted to work on the glycopeptide data. GlyDB (Ren et al. 2007) 

represents the glycan structure in multiple linear sequences, and utilized SEQUEST (Eng et 

al. 1994) to search glycoforms from a theoretical glycan database. MAGIC (Lynn et al. 

2015) generates in silico peptide tandem mass spectra in MGF format from the original 

glycopeptide spectra, and identified the corresponding peptide sequences using Mascot and 

X!Tandem. We expect that more software packages will emerge and gear the mature search 

engines towards the complex glycopeptide data.

B. DE NOVO SEQUENCING-BASED METHODS

Compared to database search methods, de novo sequencing requires no prior database. It is 

commonly treated as a subsidiary solution to support identification results from database 

searches due to the lack of statistical validation and concerns regarding its search 

performance (Allmer 2011). However, it becomes indispensable when the homologous 

sequence database is unavailable (e.g. snake venom proteomes (Fox & Serrano 2008)), the 

species of organism is unknown, single amino acid mutation (Su et al. 2014) or the target 

proteins undergo rapid mutation (e.g. viral pathogens) or recombination (antibody variable 

regions).

The definition of de novo sequencing is very broad. Allmer categorizes current de novo 
sequencing methods in proteomics into naïve approaches, spectrum graph models, 

probabilistic and combinatorics models (Allmer 2011). Naïve approaches follow a general 

procedure of enumerating sequences and filtering/optimizing sequences. PEAKS (Ma et al. 

2003), which is the most popular commercial software for de novo sequencing, generates 

105 sequences and merges them into a consensus sequence with local confidence on 

residues. Heredia-Langner et al. (Heredia-Langner et al. 2004) implemented a genetic 

algorithm to optimize the candidate peptides efficiently from a very large search space. In 

glycomics, STAT (Gaucher et al. 2000) enumerated all possible combinations of 

monosaccharide residues matching the mass values of precursor ions and product ions, and 

produces the most likely glycan structures that meet the monosaccharide connectivity 

constraint.

The principle of naïve approaches in essence is no different than searching in a database. For 

this reason many researchers view de novo sequencing as a generalization of database 

searching (Allmer 2011, Na & Paek 2014). However, this doesn't necessarily mean de novo 
sequencing has to rely on search. Given an unmodified peptide with perfect fragmentation 

(high coverage and few spurious peaks), the peptide sequence can be assembled immediately 

by connecting the product ion pairs whose mass difference matches the mass value of certain 

amino acid residue, which is actually independent of the size of the overall sequence space. 
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As the consistent improvement of instrument accuracy and experimental design, researchers 

are gradually approaching the ideal data quality required for de novo sequencing.

The major class of de novo sequencing explores the peak relationships and builds a graph 

from the tandem mass spectrum with the vertex representing the observed peak and the edge 

representing the amino acid residue mapped from the mass difference between vertexes. The 

optimal sequence corresponds to the longest path in the graph, and dynamic programming is 

usually used to solve the problem (Dancik et al. 1999, Chen et al. 2001, Mo et al. 2007). 

However, dynamic programming usually gives only the optimal solution (Lu & Chen 2003). 

Due to the ambiguity and unknown fragmentation mechanisms, even the optimal sequence 

may not be the correct one. Therefore, algorithms looking for suboptimal solutions were also 

developed (Lu & Chen 2003). Modern de novo sequencing algorithms tend to integrate 

complementary information and take advantage of high accuracy instruments. pNovo+ (Chi 

et al. 2012) integrated complementary HCD/ETD spectra pairs and provided an efficient 

algorithm to identify the k-longest paths in a directed cyclic graph. PepNovo+ (Frank 2009a) 

evaluated the path scores from spectrum graph as well as features from peak rank prediction 

(Frank 2009b), peak annotation, peak offset and sequence composition, and achieved great 

accuracy improvement of peptide sequence tags. UniNovo (Jeong et al. 2013) offered an 

automatic learning procedure to determine the ion type of the spectra, and are applicable to 

different spectra types and spectra pairs.

In glycomics, similar strategies were used to identify glycan structure. The candidate 

structures can be represented by subgraphs or trees in data structure through dynamic 

programming. StrOligo built a relationship tree representing loss of monosaccharide 

compositions between peaks, which was used to determine the most likely composition and 

infer the candidate structures based on biosynthetic rules (Ethier et al. 2002, 2003). GlyCH 

predicted the most probable glycan sequence while taking the cross-ring ions and double 

fragmentation ions into account (Tang et al. 2005). Shan et al. proved that finding the 

optimal glycan structure is an NP-hard (Non-deterministic Polynomial-time hard) problem 

(Shan et al. 2008). In glycan de novo sequencing, repetitive peak counting is a potential 

problem affecting the scoring performance of algorithms. Compared to peptide sequence, 

glycans have larger chance to generate isomeric ions (ions with the same theoretical mass 

values) due to the similar ring structures of monosaccharide residues and high occurrence of 

a small set of residues. GlyCH simply allowed the repeated usage of the same peaks in 

candidate scoring (Tang et al. 2005). Shan et al. proposed a heuristic approach and enforced 

that the peak should be used only once (Shan et al. 2008). Böcker et al. also proposed an 

exact algorithm to efficiently generate candidate sequences while require the most k 
intensive peaks should be counted only once (Böcker et al. 2011). All the studies mentioned 

above work for N- and/or O-glycan sequences. For glycosaminoglycan identification, where 

single peaks also correspond to multiple fragment interpretations, we developed the first 

sequencing algorithm HS-SEQ using divide-and-conquer strategy and graphic model built 

from peak interpretations, and achieved highly accurate performance in heparan sulfate 

sequencing (Hu et al. 2014). HS-SEQ avoided the arbitrary decision of re-using the same 

peaks, and focused on selecting the most confident fragment interpretations.
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Although the peptide part and the glycan part can be identified by de novo sequencing 

separately, few algorithms work on the glycopeptide as a whole. Serang et al. designed a 

dynamic programming tool SweetSEQer to sequentially build the longest path for the 

peptide sequence and the largest directed subgraph for the glycan part (Serang et al. 2013). 

However, when multiple glycan sequences are present on the peptide, it may be difficult for 

dynamic programming to find the right peaks to extend the monosaccharide residues due to 

multiple interpretations of peaks.

C. SPECTRAL LIBRARIES

Introduced by Yates et al. in 1998 (Yates et al. 1998), the spectral library approach has 

become widely used for peptide identification (Lam 2011). It utilizes assigned reference 

spectra to identify new experimental spectra. Compared to traditional database search 

methods, it limits the search space size to improve computational speed, and maintains 

complete spectral information to improve identification sensitivity (Zhang et al. 2011). 

Recently, it has been applied to glycoproteomics (Toghi Eshghi et al. 2015).

The spectral library framework is built upon the observation that for a given peptide 

sequence, tandem mass spectra are reproducible when instrument condition are controlled 

precisely (Yates et al. 1998). The spectral patterns usually include information that is not 

captured by traditional database search methods, including peak intensities, neutral losses, 

and non-canonical or unknown ions (Zhang et al. 2011). Once a spectrum has been assigned 

to a sequence, any future spectra showing high similarity with the reference spectrum will be 

linked to the sequence assignment. Due to the reduced sequence space, the spectral library 

approach can reduce computation time by a hundred fold or more compared to traditional 

approaches, with better sensitivity and accuracy (Zhang et al. 2011).

The spectral library approach typically contains library construction and library matching 

procedures (Lam 2011), and multiple algorithms have been developed for such 

identification. These include Bibliospec (Frewen et al. 2006), X! Hunter (Craig et al. 2006) 

and SpectraST (Lam et al. 2007). Library construction usually requires high-quality spectra 

which have been assigned with high confidence. The original identification information can 

be acquired through traditional database searches (e.g. SEQUEST), de novo sequencing, or 

even manual interpretation. One limitation of using the spectral library approach is that the 

search space is usually limited to spectra that have been identified previously. Sequences 

with no spectra in the library cannot be identified in subsequent experiments. Sequences 

with un-specified PTM types are also likely to be missing in the identification results. This 

places high importance on maximizing the coverage of the spectral libraries. As a remedy, 

simulation of peptide spectra using MassAnalyzer (Zhang 2004, 2005) has been introduced 

to the preparation of the library (Yen et al. 2009) in order to increase the coverage. A 

combination of a simulated spectral library and a public reference library (Cho et al. 2015) 

was also reported to improve the ability to detect proteins that are not identified using 

traditional database searches.

The presence of PTMs can affect fragmentation pathways of peptides, resulting in mass 

shifts and intensity variations of the fragment ions. Additional ions (resulting from neutral 

losses or internal fragmentation) may also be present in the experimental tandem mass 

Hu et al. Page 8

Mass Spectrom Rev. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



spectra and affect the spectrum-spectrum matching performance. To address the issue, 

significant effort has been made to build comprehensive spectral libraries for peptides with 

site-specific phosphorylation (Hu & Lam 2013). In that study, the authors used database 

searching followed by site-localization tools to assign phosphopeptide sequences, and 

introduced mass shifts of fragment ions to predict the spectra of phosphopeptides from the 

dephosphorylated counterparts. Recently, an improved simulation strategy was proposed 

utilizing the intensity change of fragment ions (between the phosphopeptide spectrum and 

dephosphorylated counterparts) caused by site-specific phosphorylation (Suni et al. 2015). 

Efforts to develop spectral libraries for identification of unanticipated PTMs were also 

reported (Ye et al. 2010, Ahrné et al. 2011, Ma & Lam 2014).

In glycoproteomics, practical limitations impede the use of the spectral library approach. 

First, it is necessary to construct high-quality reference libraries. This requires confidently 

assigned sequences and clean tandem mass spectra with low noise levels. For many 

glycoproteomics studies focusing on improving experimental workflows and profiling 

glycosylation events, the spectral patterns are likely not to have been identified previously 

and therefore present in a spectral library. Second, glycopeptide product ions result from 

dissociation of the glycan to form oxonium ions and neutral losses from the precursor ion. 

Peptide backbone dissociation may also be observed, resulting in peptide fragment ions with 

or without glycans attached. The abundances and reproducibility of each ion type depends 

on specific instrument conditions and needs to be controlled and evaluated closely. 

Moreover, there lacks a consensus, among researchers studying glycosylation, on the 

analytical methods used for studying this modification, which limits the availability of 

glycoconjugate spectral libraries. Nevertheless, there are clear benefits to applying spectral 

libraries to glycoproteomics.

Deglycosylation of glycopeptides is an important step in many glycoproteomics studies, 

which reduces the complexity of the spectra, and can directly serve to the construction of 

spectral libraries. Moreover, modern spectral library approaches (Ye et al. 2010, Ahrné et al. 

2011, Ma & Lam 2014) can identify peptides with unanticipated PTMs. This suggests that 

experimental tandem mass spectra (intact glycopeptide) can be linked to reference spectra 

(deglycosylated peptide) regardless of the glycan moieties attached. If so, researchers will be 

able to interpret the peptide backbone and the glycan compositions as separate entities in the 

tandem mass spectra. In case of ExD methods where the glycan remains intact during 

peptide fragmentation, the glycan information can be deduced from precursor mass and 

product ion mass shifts in the experimental spectra. On the other hand, for collisional 

dissociation where the glycan dissociates during the peptide fragmentation process, glycan 

information can be construed only from the masses of the glycopeptide precursor ion and the 

unmodified peptide mass extracted from the product ion pattern. Glycomics experiments or 

glycan database searches may follow to increase the level of glycan structural detail.

The spectral library approach has been used in a few glycomics and glycoproteomics 

studies. Kameyama et al. built a library of MSn CID spectra for N-glycans and further 

proposed a strategy to simulate the CID spectra based on the extracted fragmentation 

patterns (Kameyama et al. 2005, 2006). Aebersold et al. used deglycosylated peptides to 

build a spectral library, and conducted further analysis of abundances of inferred 
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glycoproteins using SWATH-MS (Liu, Chen, et al. 2014). Toghi et al. examined the 

reproducibility of fragmentation patterns between the deglycosylated peptides and peptides 

containing glycan residues, and designed the algorithm GPQuest to support the site-specific 

glycopeptide identification (Toghi Eshghi et al. 2015). In their study, the spectral library 

approach was divided into following steps: 1) library construction using deglycosylated 

peptides; 2) classification of glycopeptide spectra by examining oxonium ions and other 

characteristic ions; 3) library search and 4) candidate refinement.

As the prevalence of the SWATH technique and the needs for larger coverage of 

glycoproteomes have grown, spectral libraries represent one of the future trends in 

glycopeptide identification. However, researchers should be cautious of the scenarios where 

the library matching performance might be affected, such as fragmentation patterns of ions 

carrying glycan residues, overlapping isotopic clusters of fragment ions, and multiple 

glycosylated sites. In addition, a large portion of peaks in the glycopeptide spectrum may be 

missing in the reference spectrum, so it is necessary to remove product ions resulting from 

glycan dissociation from the glycopeptide tandem mass spectrum (Lynn et al. 2015) or 

adjust the scoring function to achieve high accuracy. For ion types where the assumption of 

reproducibility does not hold, the matching procedure deteriorates into a normal database 

search, where no abundance information is assumed. In the next few years, we expect more 

studies that focus on exploration and automated extraction of spectra patterns in order to 

design robust scoring functions. Integrated software tools and accessible public spectral 

libraries will also benefit the glycoproteomics community.

D. INSIGHT FROM PTM PROTEOMICS

PTMs expand the functional diversity of linear protein sequences, and increase the number 

of structural variants exponentially. Almost all database search tools allow users to specify 

fixed (static) and flexible modifications. A fixed modification, such as phosphorylation, has 

the same effect as updating the mass of the modified residue, which causes no extra burden 

in searching. For sites with flexible modifications, the search engines must consider the 

situation of either modified or unmodified status for each such site, which causes the search 

space to grow exponentially (×2x, where x is the number of sites with modified/unmodified 

flexible modifications). Andromeda (Cox et al. 2011), the search engine of the quantification 

software MaxQuant (Cox & Mann 2008), exhaustively listed all the possible combinations 

of PTMs on the protein sequence to improve the identification rates. To speed up the 

analysis, it built multiple levels of indexing so that the data can be processed even on a 

laptop (Cox et al. 2011). From the perspective of the peptide, glycan attached to a peptide 

essentially represents a PTM of large mass value. When the redundant variation of mass 

shift on the glycosylation sites is removed, the searching procedure is identical to normal 

database search with flexible modifications. This also serves as theoretical basis for the 

SimpleCell technique (Steentoft et al. 2011).

Algorithms working on complicated PTM analysis may also shed light to the glycopeptide 

identification. MODa (Na et al. 2012) combines the advantages of sequence tags and 

spectral alignment to provide fast identification of multiple unknown modifications on a 

peptide. In glycoproteomics studies, ETD spectra offer such sequence tags, while high 
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energy CID/HCD spectra can provide the scaffold of an “unmodified” peptide backbone. 

This should allow the spectra (sequence tags) using ETD to align to the paired spectra 

(sequence) using high energy CID/HCD. To the best of our knowledge, there is no such kind 

of tool tailored for glycopeptide identification.

In addition, many PTM proteomics studies assume the presence of unmodified peptides. In 

unrestrictive database searches, this assumption limits the PTM search only upon the 

unmodified peptides identified in the first round (Tharakan et al. 2010). In glycoproteomics 

studies, sample enrichment steps may invalidate this assumption unless unenriched samples 

are also used for identification.

E. STRATEGIES FOR IMPROVING SEQUENCING PERFORMANCES

Common complaints regarding de novo sequencing methods include time-consuming 

performance, poor identification rate and coverage, and lack of validation methods. For 

spectrum graph methods, the missing fragments and ambiguous paths may prevent an 

algorithm from finding the optimal sequence. For naïve methods, the enumeration of search 

space undergoes combinatorial explosion, which becomes intractable as the sequence length 

grows. Significant effort has been made to improve the covered sequence length and 

accuracy, including: combination of spectra pairs from multiple fragmentation mode 

(CID/ETD/HCD) and multiple enzymes (Jeong et al. 2013); combination of spectra from 

top-down and bottom-up proteomics experiments (Liu, Dekker, et al. 2014); and appending 

de novo sequencing with homologous database search (Ma & Johnson 2012). The 

emergence of high-resolution MS/MS data also contributed to the identification quality and 

proteomics-grade sequencing results (Chi et al. 2013).

As discussed above, the peptide part and glycan part built from the spectra can be further 

coupled to database searches for structure refinement. This hybrid approach searches 

partially sequenced structures to significantly improve the search performance, and has been 

adopted by several tools, includine Byonic (Bern et al. 2007, 2012), and PEAKS DB 

(Zhang, Xin, et al. 2012). Regardless of the final strategy (the integral approach or 

proteomics + glycomics approach) used, the de novo nature of these methods should allow 

sensitive identification of highly mutable glycoproteins, such as influenza hemagglutinin.

F. MISCELLANEOUS ISSUES

Glycopeptide identification involves a special problem regarding the discernment of mass 

spectra corresponding to glycopeptides from those of unmodified peptides. Froehlich et al. 

reported a MS1-based glycopeptide classifier utilizing the relationship between precursor 

mass and mass defect for peptides and glycopeptides respectively (Froehlich et al. 2013). On 

the MS2 level, oxonium ions and other characteristic product ions from HCD were used to 

flag to the identity of the glycopeptide sequence and triggered the subsequent ETD analysis 

of the precursor ion (Singh et al. 2012).

In the past few years, effort has been reported on integrating orthogonal, or complementary 

identification results. In the proteomics field, identification results generated from multiple 

search engines has been merged under the target-decoy approach (Shteynberg et al. 2011). 

The logic behind this strategy is that each search engine has a unique preference for the 
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features in tandem mass spectra, and covers distinct sets of peptides that others strategies 

miss. In addition, it's also worthwhile to study the complementarity of different mainstream 

search engines in order to balance the identification performance and computation time 

(Shteynberg et al. 2011). Integration of information can also occur on the spectra level. For 

example, in proteomics, Guthals et al. combined the CID, ETD and HCD spectra to fill the 

gap of missing peptide fragments and improve the sequencing accuracy and resolution 

(Guthals et al. 2013). In glycoproteomics, Mayampurath et al. also integrated the 

CID/ETD/HCD spectra for complete glycopeptides identification in their GlycoFragWork 

program (Mayampurath, Song, et al. 2014). There was also effort reported on data 

integration in top-down and bottom-up experiments, as indicated by Liu et al. in whole 

protein sequencing (Liu et al. 2014).

Glycopeptides with more than one glycosylation site become more challenging to analyze, 

due to the aforementioned heterogeneity. Detailed information on site-specific glycoforms 

requires optimization of sample preparation, chromatography/separation and MS 

acquisition. Depending on the protein sequence and glycan heterogeneity, one of the 

following strategies may be used. If the most commonly used proteases do not yield peptides 

with a single glycosylation site, an alternative enzyme or a combination of proteolytic 

enzymes may be used. The most efficient strategy for analyzing glycopeptides with multiple 

glycosylation sites is the use of ExD, which cleaves peptide bonds while leaving the PTMs 

intact. Collisional dissociation on the other hand, may provide peptide backbone information 

along with a composite mass of all the glycans present on the peptide. ETD is performed on 

ion-trap instruments or hybrid instruments. Many such instruments also enable MSn, where 

a collisional dissociation may be performed on an isolated peptide/glycopeptide fragment to 

yield more information on glycan structure/topology.

The rapid improvements in the capabilities of high accuracy and high resolution instruments 

present a game changer in the identification algorithm design. Similar to the advance of 

database search methods, de novo sequencing approaches also benefit from high accuracy 

instruments and improvements in fragmentation coverage. Modern de novo sequencing 

approaches such as pNovo+ (Chi et al. 2012) have reported the achievement of results 

comparable to the state-of-the-art database search methods when high accurate instrument 

was used. At present, the current approaches in glycopeptide identification tend to follow 

classical solutions in proteomics; there remains a clear need to develop novel algorithms that 

address the unique needs of glycopeptides as hybrid molecules with both genetically 

templated and metabolically modified components.

III. VALIDATION STRATEGIES FOR GLYCOPEPTIDES

Glycoproteomics is a rapidly developing field. With the emergence of new instruments and 

experimental protocols, bioinformatics tools and workflows must undergo stringent 

validation procedures to demonstrate their effectiveness and limitations. In proteomics, there 

have been too many cases where unreliable conclusions were drawn from improper 

operation of the state-of-the-art software packages (Gupta et al. 2011). In this section, we 

start with the widely used target-decoy model and its assumptions in the context of 
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glycopeptide validation, and then summarize several validation strategies reported in current 

studies.

A. FALSE DISCOVERY RATE AND TARGET-DECOY APPROACH

To date, the target-decoy approach (TDA) (Elias & Gygi 2007) has become the de facto 
standard for validating proteomics identification results. Its wide acceptance and application 

results from its simple concept and proven performance in estimating false-discovery rate 

(FDR). Figure 3 shows the basic framework of TDA strategy in estimating FDR.

By assuming that the decoy hits simulate the distribution of incorrect target hits across 

scores (similarity) and the two share few common sequences (orthogonality), the false 

positives in the target hits can be estimated by replicating the hit number in the decoy 

peptides. This strategy appears to be universal regardless of the implementation of search 

engines and scoring functions, and thus enables the comparison across multiple searching 

tools: with fixed FDR (e.g. 1% or 5%), the tool with the largest number of hits performs 

best.

The TDA approach facilitates peptide identification in that once the FDR threshold is 

controlled, the more peptides a search tool identifies, the better the performance it provides. 

This also allows the strategy of combining multiple search engine results to improve the 

overall identification rate. The rationale is that each tool may be superior in detecting 

peptides of some features, but deteriorates in others. A set of tools were developed to 

support the combination approach, including MSBlender (Kwon et al. 2011), PepArML 

(Edwards et al. 2009), ConsensusID (Nahnsen et al. 2011), iProphet (Shteynberg et al. 

2011), and PeptideShaker (Vaudel et al. 2015). Shteynberg et al. (Shteynberg et al. 2013) 

reviewed the identification results produced from different combinations of search engines, 

and suggested that it is important to consider complementarity and similarity between tools 

to balance the computational time and sensitivity. Similarly, with a controlled FDR, more 

strategies may be considered to improve the sensitivity, including combinations of multiple 

fragmentation modes (Guthals & Bandeira 2012), other omics data (Sheynkman et al. 2013), 

and digestion with multiple enzymes (Choudhary et al. 2003).

The uncertainty from peptide identification amplifies in the protein list. A true positive (TP) 

protein identification is usually considered as one with at least one TP PSM and a false 

positive (FP) protein identification as one with all FP PSMs. ProteinProphet (Nesvizhskii et 

al. 2003) calculated the protein identification error based on the probability of individual 

PSMs to be false. TDA-based FDR calculation has also been introduced to protein 

identification. Reiter et al. implemented a hypergeometric model in the MAYU program 

(Reiter et al. 2009) to calculate protein identification FDR in large-scale dataset, and showed 

a large gap between their protein identification FDR and PSM FDR.

B. STRATEGIES FOR IMPROVING VALIDATION

This simplification of TDA has caused concern regarding its validity and limitation in 

several scenarios, including datasets and databases with small sizes, biased sequence 

distributions in multi-pass searches, occurrence of homeometric peptides (different 

sequences producing similar spectra) (Gupta et al. 2011), and decoy generation strategies 
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(Elias & Gygi 2010). While these concerns reflect extreme cases in routine proteomics 

studies, it is more likely for problems to occur in glycoproteomics data analysis (Zhu et al. 

2014, Cheng et al. 2014). This is largely attributed to the diverse fragmentation patterns of 

glycopeptides resulting from different dissociation methods (Mayampurath, Yu, et al. 2014), 

the small size of identified glycopeptides in each run (Zhu et al. 2014), and different causes 

of false positives.

The first challenge in validating glycopeptide identification results is that these studies often 

produce relatively small set of glycopeptides. In contrast to proteomics experiments, where 

tens of thousands of spectra can be assigned to peptides, only hundreds of spectra are 

assigned to glycopeptides in typical glycoproteomics studies. This reduces the TDA 

accuracy in the context of 1:1 target-decoy ratio. For 100 identified glycopeptides with 1% 

FDR, one more/less incorrectly identified glycopeptide can cause the predicted FDR to 

deviate significantly from the true one. It is also likely that no decoy hits are above the score 

threshold. As a remedy, GlycoPep Evaluator introduces a 1:20 target-to-decoy ratio for 

validating small glycopeptide dataset, and corrects the FDR estimation by the multiplication 

factor (Zhu et al. 2014). The authors reported improved FDR accuracy for ETD tandem MS 

data using the software. A related question may arise as to determining the proper target-to-

decoy ratio to produce confident FDR estimation. One may consider iteratively increasing 

the ratio until certain confidence interval threshold is achieved.

The second challenge in estimating glycopeptide FDR is that both vibrational (CID, HCD) 

and ExD are in widespread use for glycopeptide analysis, both of which have to unique 

characteristics of the glycopeptide structure: vibrational methods favor dissociation of the 

glycan moiety but produce peptide backbone dissociation at higher energies; ETD favors 

peptide backbone dissociation and can therefore produce the finer detail on the peptide 

sequence and glycan attachment site. In proteomics, by contrast, vibrational dissociation 

versus ExD both dissociate peptide bonds but through different mechanisms and bond 

propensities (Zubarev et al. 2008). In glycoproteomics, however, the content of true positives 

(TPs) and false positives (FPs) may change according to the experimental design. When the 

goal is to study the site-specific occupancy using deglycosylated peptides, a potential FP 

match may have a different amino acid sequence as well as different site occupancies 

although the sequon is not necessarily maintained. By forcing the decoy sequences to 

contain a sequon, many FPs in the decoy database are filtered implicitly; however, the 

similarity assumption of the target-decoy model may also be violated. When the experiment 

concerns the topology of the glycans attached to the peptides, a FP match will be a peptide 

with complex glycosylation from a large glycopeptide candidate space (different 

combinations of peptide backbones and glycan sequences). In this scenario, generating a 

decoy database containing unlikely glycan structures remains unverified in terms of the two 

basic assumptions in TDA, and searching in large database is also computationally 

inefficient. A potential solution is to treat the FDRs of peptide and glycan identification 

separately. Similar to the definition of TP and FP protein identifications (Nesvizhskii et al. 

2003, Reiter et al. 2009), a TP glycopeptide identification can be defined as a glycopeptide 

with both TP peptide and TP glycans, while a FP glycopeptide identification can be defined 

as one with either FP peptide or FP glycan (or both). We expect that there will be more 
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studies on the integration of peptide confidence and glycan confidence. In addition, other 

statistical measures such as q value may also be worth considering (Granholm & Käll 2011).

IV. QUANTIFICATION

Changes in protein expression level and PTMs are often linked to disease states. The 

changes are usually regulated at the gene expression level and by post-synthesis processing 

machinery. Measurement of gene expression at the mRNA level does not always correlate 

well with the actual levels of functional forms of a protein (Wang et al. 2014). It is therefore 

important to accurately determine protein levels in a given biological sample as part of 

projects to study altered biological states (Anderson & Seilhamer 1997, Anderson et al. 

2009).

The advantage of using mass spectral methods for proteomics is that they enable both 

identification and quantification of proteins and their various functional forms in a mixture, 

in a single workflow. As a surrogate for proteins, peptides are used in bottom-up proteomics 

workflows, which can be easily adapted for quantitative analyses (Eng et al. 1994, Gygi et 

al. 1999, Zhou et al. 2002, Aebersold 2003). Mass spectrometry-based protein quantification 

can be divided into two groups: relative and absolute quantification. Of these, relative 

quantification can be performed using label-free or isotopic label-based methods. Absolute 

quantification, on the other hand, requires use of isotopically labeled internal standards. 

These strategies have been frequently presented and reviewed in literature (Aebersold 2003, 

Elliott et al. 2009, Wasinger et al. 2013). However, the methods may not be directly 

applicable to quantitative glycoproteomics due to the multiplicity of molecular forms or 

proteoforms (Smith et al. 2013) of a glycoprotein resulting from glycan macro- and micro-

heterogeneity. In this section, we discuss current methods and strategies that show potential 

application in quantitative glycoproteomics analysis.

A. QUANTIFICATION OF DEGLYCOSYLATED PEPTIDES AS GLYCOPEPTIDE SURROGATES

While a surrogate peptide or a set of peptides can be used to quantify a non-glycosylated 

protein; multiple proteoforms of a particular glycoprotein exist, each of which has a different 

glycan composition and structure. This complexity increases exponentially with the number 

of glycosylation sites on a protein. As a result, it is almost impossible to quantify all 

proteoforms of a given glycoprotein given the existing capabilities of mass spectrometers; 

however, it is possible to quantify populations of molecular forms that differ based on their 

functional or physiochemical properties and can be separated based on these properties prior 

to MS analysis. For example, glycoprotein populations can be separated based on their 

glycan compositions using lectins and then quantified (Wei & Li 2009, Pan et al. 2011). 

Alternatively, glycan epitopes can be isolated using antibody pulldowns prior to 

quantification. Populations of glycoproteins or glycopeptides may be resolved using 

different chromatographic separation methods. The separation may be based on 

physiochemical properties like charge, hydrophobicity, size, etc., which will change the 

order of elution and chromatographic peak shapes. Consequently, data analysis 

methodologies and algorithms need to be designed to be compatible with the sample 

preparation and data acquisition workflows. Even in the recent literature, a majority of 
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researchers prefer deglycosylating the glycoprotein/glycopeptides, after enrichment of 

modified/functional forms of interest, before proceeding to identification and quantification 

steps (Tian et al. 2007, Hill et al. 2009, Shakey et al. 2010, Liu et al. 2010, Kim et al. 2012, 

Pan et al. 2012, Zhang et al. 2014). Another technique that has become widely popular is 

enzymatic deglycosylation using PNGase F, in presence of H2
18O, which incorporates the 

heavy oxygen at the glycosylation site and allows facile N-glycosylation site identification 

and site-occupancy analysis (Hägglund et al. 2007, Liu et al. 2010, Zhang, Liu, et al. 

2012). 18O Labeling also integrates easily with existing proteomics workflows for 

identification of the modified/labeled site and quantification of the labeled, deglycosylated 

peptides. Such studies allow efficient quantification of the population of interest with site 

occupancy information but detailed information on site-specific glycosylation is lost.

The advantage of using peptides as surrogates for glycopeptides is that the label-based and 

label-free approaches in quantitative proteomics can be used directly for data analysis. 

Label-based techniques like SILAC and iTRAQ allow multiplexing to increase throughput 

and minimize bias in analyses. Label/tag based quantification methods are well established 

and integrated into proteomics workflows and software for data analysis but add significant 

cost and effort to sample preparation. Label-free quantification (LFQ) on the other hand are 

easier to perform and more cost-effective. The challenges lay in selection and use of 

appropriate tools for data analysis and quantification, which include data pre- and post-

processing and statistical analysis methods (Vaudel et al. 2010). In addition, differences in 

data acquisition methods and instrumentation may add complexity to LFQ methods. 

Comparisons between different quantitative proteomics strategies have already been reported 

in literature (Grossmann et al. 2010, Arike et al. 2012, Fabre et al. 2014).

The use of data-independent acquisition (DIA) strategies such as SWATH-MS (Gillet et al. 

2012) and multiplexed DIA (Egertson et al. 2013) increases the number of ions that can be 

quantified and their limits of detection and quantification. Such methods make an excellent 

alternative to targeted measurements while eliminating the need for the use of targeted 

precursor lists and triple-quadrupole (QQQ) mass spectrometers for quantitative analyses. 

Huang et al. recently showed that SWATH was able to offer outstanding LFQ performance 

using complex mouse-cell lysate samples (Huang et al. 2015). A few studies have employed 

SWATH-MS for site-specific glycosylation quantification from deglycosylated peptides (Liu 

et al. 2013, Liu, Chen, et al. 2014, Xu et al. 2015). Open-source data analysis tools like 

OpenSWATH (Röst et al. 2014) have already made their way into the field thereby 

minimizing the gap between analytics and informatics. DIA-Umpire (Tsou et al. 2015) 

combined untargeted peptide identification and targeted re-extraction/quantification, and 

achieved better sensitivity as well as consistent quantification performance. The authors 

showed that DIA-Umpire can significantly improve the identification rate of deamidated 

peptides compared to OpenSWATH (Röst et al. 2014) on standard glycoproteomics dataset 

from prostate cancer tissues (Liu, Chen, et al. 2014). However, the applicability of DIA to 

intact glycopeptides is still debatable because upon fragmentation glycopeptides with subtle 

differences in glycan compositions/topologies produce very similar fragment ion spectra 

using collisional-dissociation methods, which are best suited for the rapid SWATH 

acquisitions.
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B. QUANTIFICATION OF SITE-SPECIFIC GLYCOFORMS

There has been a lot of interest in intact glycopeptide quantification to preserve information 

on site-specific glycosylation (Rebecchi et al. 2009). One of the major challenges with LFQ 

arises from the differences in ionization efficiencies of glycopeptides. Methods as simple as 

comparing LC-MS extracted ion chromatogram peak areas with mass spectral response may 

be used (Ding et al. 2009, Nilsson et al. 2009, Khatri et al. 2014) for LFQ, while keeping in 

mind the effects of sugar moieties leading to differences in ionization of the precursor. In 

order to compare abundances across multiple samples, isotopic labeling methodologies can 

be used just like in standard quantitative proteomics workflows (Wollscheid et al. 2009, 

Kurogochi & Amano 2014). Another strategy for minimizing difference in ionization 

efficiencies of glycopeptides is the use of isobaric tandem MS labeling strategies like 

iTRAQ and TMT (tandem mass tags) for quantification as described by Viner et al (Viner et 

al. 2009). Others chemical derivatization methods selectively enhance the ionization of 

glycopeptides in a complex sample and minimize bias in quantification (Amano et al. 2010).

For LFQ of site-specific glycoforms, targeted acquisition methods including selected 

reaction monitoring (SRM) or multiple reaction monitoring (MRM) have become the state-

of-the-art workflows (Song et al. 2012, Hong et al. 2013). These methods make use of 

diagnostic oxonium ions resulting from glycan fragmentation as MRM transitions. A survey 

scan can be used to identify all precursors that generate oxonium ions to create a list of 

precursors for the MRM experiment. The use of the most common oxonium ions for 

quantification minimizes effects from differences in ionization efficiencies and eliminates 

the need to select specific transitions for individual glycopeptide precursors. The use of 

internal standards or spiked in synthetic peptides is recommended for minimizing bias from 

sample handling and preparation steps. There are several factors that can affect 

quantification using MRM, including number of transitions, duty cycle and collision 

energies, which must be optimized before data acquisition; this is now possible using 

software tools like Skyline (MacLean et al. 2010, Maclean et al. 2010). While MRM assays 

are typically performed using QQQ mass spectrometers, some studies have shown that 

hybrid instruments including quadrupole-time of flight (Q-TOF) can be used for 

glycopeptide quantification using this method (Sanda et al. 2013). Quadrupole-Orbitrap 

hybrid instruments have been used for parallel reaction monitoring of peptide abundances 

(Peterson et al. 2012, Gallien et al. 2014) and are likely to be useful for glycoproteomics. 

Skyline not only allows designing experiments for quantitative proteomics and 

glycoproteomics but also assists with efficient data analysis (Schilling et al. 2012). The 

open-source nature of the Skyline framework allows easy integration of external tools to suit 

the needs of various researchers (Broudy et al. 2014).

Other quantification methods rely on efficient analytical strategies, such as the Glyco-AMP 

workflow described by Hua and colleagues (Hua et al. 2013) for LFQ using multiple 

enzymes and comparing ion abundances for identified glycopeptides. This allows cross-

validation of glycoform quantification based on different carrier peptides, while minimizing 

the bias from differences in ionization efficiencies. Recently, Mayampurath and coworkers 

(Mayampurath, Song, et al. 2014) presented a new ANOVA-based mixed effects model for 

LFQ of site-specific glycosylation on glycopeptides. The model was applied to study 
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differences in glycosylation between sera from normal and cancer patients, in order to 

identify potential glycoprotein biomarkers.

Analysis and quantification of intact glycopeptides is more challenging than using 

deglycosylated peptides. Glycopeptides come with the aforementioned macro- and micro-

heterogeneity, which must be accounted for while applying any quantification 

methodologies. The approach selected for quantification may depend on the goals of a study. 

Surrogate peptides may be used when overall glycoprotein expression or site-occupancy 

information are desired; however, when relative or absolute quantitation of the different 

glycoforms needs to be performed, experimental conditions and physiochemical factors need 

to be considered. The glycoform present on a glycopeptide affects its liquid chromatography 

retention time and mass spectrometric ionization efficiency, which will affect quantification. 

Therefore, LFQ may not be applicable, as it exists for proteomics, in quantification of intact 

glycopeptides and there is a need to modify existing LFQ strategies for application to 

glycopeptides.

There are several algorithms in use for LFQ that can be divided into two categories: feature 

intensity-based and spectral counting-based, as reviewed by Nahnsen et al (Nahnsen et al. 

2013). T3PQ (Grossmann et al. 2010) and iBAQ (Schwanhäusser et al. 2011) are the most 

popular MS1 precursor-feature-based algorithms for quantification. T3PQ is based on Top3 

(Silva et al. 2006), a method that that uses the peak intensities of the top 3 most abundant 

peptides identified for a specific protein. T3PQ is, therefore, only suitable for 

glycoproteomics level quantification, which can provide information on total protein 

abundance. iBAQ (intensity-based quantification), uses the sum of all peak intensities, for 

peptides matching to a particular protein and then normalizes using the total length or 

number of theoretical peptides of the protein. Such information can be used to compare 

different functional forms of a glycoprotein. Glycosylation site-identification and site-

occupancy analysis is possible using iBAQ, by performing 18O labeling of glycosylation 

sites as described in previous sections.

Spectral counting, on the other hand, uses all the tandem spectra matching a particular 

protein, for quantification. Spectral counting can theoretically be used for quantification of 

the different proteoforms (glycoforms) of a given glycoprotein. emPAI (Ishihama et al. 

2005) (exponentially modified protein abundance index) is a spectral counting method that 

uses number of observed peptides divided by the number of observable peptides for a 

protein as a measure of protein concentration in a complex sample. The central idea being 

that the number of observed peptides is proportional to abundance of a protein in a complex 

sample. emPAI has been implemented in the MASCOT search engine (Perkins et al. 1999), 

which is commonly used for proteomics experiments. This method has been used for 

glycoprotein quantification, based on deglycosylated peptides in an omics experiment but 

not for intact glycopeptides (Toyama et al. 2011, Qin et al. 2014). A value similar to emPAI 

could be used to infer the abundance of a particular proteoform of a glycoprotein. This 

would require integration of intact glycopeptide identification and statistical analysis of the 

relative abundances of glycoforms at each glycosylation site to infer the abundances of 

different glycoproteoforms. Ideally, bottom-up and middle-down or top-down 
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glycoproteomics data would have to be combined to maximize confidence in quantitative 

results from this approach.

APEX (absolute protein expression) (Braisted et al. 2008), is another spectral counting 

method that accounts for differences in peptide detection in mass spectrometry and predicts 

a correlation between protein quantities and the number of peptides detected, based on their 

physiochemical properties. It is conceivable to build a prediction model for glycopeptide 

quantitation based on this approach, while taking into account the changes in 

physiochemical properties and MS detection introduced by the glycan modification. Such a 

model would be most appropriate for LFQ of glycopeptide glycoforms and would provide 

information on both quantitative protein expression as well as glycan micro-heterogeneity.

Since intact glycopeptide analysis requires tailored analytical strategies, it is important that 

the data analysis tools be designed accordingly. For label-free quantification of glycoforms, 

it may be important that the differences in physiochemical properties introduced by the 

glycan be accounted for. For example, addition of neutral saccharides vs. acidic (sialylated 

or sulfated) sugars may have very different effects on chromatography and gas-phase 

ionization of a glycopeptide, thus biasing the quantification results. In order to build toward 

automated analysis, orthogonal measurements, such as UV absorbance, are necessary to 

identify adjustment factors for differences in molecular compositions. A robust model for 

optimizing glycopeptide collision energies needs to be integrated into SRM/MRM workflow 

facilitating tools such as Skyline. While peptide backbone ions generated by collisional 

dissociation of glycopeptides are typically of low abundance, glycan fragment ions can be 

generated very reliably and can be used for relative quantification using MS/MS. Thus, the 

transitions used for glycopeptide quantification may be very different from those used for 

non-glycosylated peptides. It is important to recognize glycoproteins as heterogeneous 

populations with different glycoforms at each glycosylation site. Bottom-up identification 

and quantification workflows are only suitable for comparing site-specific glycoform 

abundances but information relating glycoforms at different sites is lost. Therefore, it is not 

be possible to directly comment on the abundance of every glycoproteoform present, using 

existing methods; however, pre-fractionation or isolation can help quantitate functionally 

different populations. Overall, there are quantification strategies that may be borrowed or 

modified from their current state in proteomics workflows but there is a clear need for better 

integration of glycopeptide characterization/identification and quantification tools to make 

robust workflows.

V. SOFTWARE DESIGN AND DEPLOYMENT

Discussions on the need for automated glycoproteomics solutions have existed for years, 

despite the fact that new tools emerge every few months. This awkward situation was 

attributed to the lack of accessibility to the source code of current tools (Dallas et al. 2013). 

From the perspective of developers, there are a lot of problems to work directly on the 

source code from other groups unless the code is well documented and organized. In this 

section, we summarize several strategies for code re-use and tool development, most of 

which have been adopted in the bioinformatics field.
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A. EXTENSION FROM CURRENT FRAMEWORKS

A typical glycoproteomics data analysis workflow can be divided into steps that are well-

established and steps that are still open and updating. The former covers data preprocessing 

(raw file parsing, peak picking, spectral alignment, and deconvolution), sequence 

identification, quantification and post-processing (e.g. statistical summary, functional 

analysis and data visualization), which have been addressed intensively in proteomics 

(Nesvizhskii 2010) and glycomics (Campbell et al. 2014). The latter includes problems that 

are glycopeptide specific, such as site-specific localization and profiling of the 

glycosylation, integration of scores from the candidate peptide and glycan part, tailored 

target-decoy model and FDR calculation. Solving the problems may require concurrent 

progress from both computational and experimental side, which constitutes the fast evolving 

parts of the glycoproteomics workflow.

We here discuss several basic forms of extending new functions from current frameworks. 

The final solution depends on the architecture and support of the frameworks as well as the 

requirements of the users. Readers can refer to recent publication on comprehensive review 

of libraries and frameworks in proteomics (Perez-Riverol et al. 2014).

One of the options are plugins, which are addable components to extend current software's 

functions. Mass++ (Tanaka et al. 2014) provides a flexible plugin architecture that allows 

users to integrate external tools. Each plugin contains a compiled function implementation 

file (.dll) and xml files specifying the parameter configurations and layout in the interface 

panel. Users can easily add new utilities without knowing the source code of the framework. 

Nevertheless, not all frameworks were designed to support such kind of extension, and users 

of the plugin system are responsible for converting existing external tools into the format 

accepted by the plugin system, which sometimes are not feasible. An alternative option is to 

develop new applications based on provided API (Application Program Interface). 

ProteoWizard (Kessner et al. 2008) API (C++) contains a uniform interface called MSData 

for users to access raw data without known the vendor-specific configurations. This allows 

flexible control of memory usage and avoids the problem of working with large mzML files. 

The Pyteomics (Goloborodko et al. 2013) API provides a set of utility functions to access 

common proteomics data files and calculate basic biochemical properties of peptides. 

MzJava (http://mzjava.expasy.org/), the library reengineered from Java Proteomic Library, 

provides a set of functions to manipulate the tandem mass spectra (MSn) and associates 

them with corresponding peptide or glycan molecules. Open source Java library compomics-

utilities (Barsnes et al. 2011) offers a large set of commonly used features for data parsing, 

analysis and visualization, and has been used in multiple computational tools. Users usually 

have the flexibility of developing new applications with given API, but may spend extra time 

on integrating existing external tools.

Occasionally, some tools may meet the users’ requirements for functionality, but the output 

format cannot be used directly as input for the downstream tool. Comprehensive suites such 

as TOPP/OpenMS (Sturm et al. 2008) and TPP (Deutsch et al. 2010) contain their own file 

formats describing intermediate identification and quantification results, and support 

conversion from/to common external file formats; however, this is not guaranteed, especially 

for legacy programs or programs focusing on specific functions. One example is the 
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deconvolution tool DeconTools, which is an upgraded version of Decon2LS (Jaitly et al. 

2009). DeconTools produces two CSV files where one file records metadata (e.g. base peak 

information, total ion chromatogram abundances and peaks deisotoped) associated with each 

scan in a LC/MS dataset, and the other file contains information of the monoisotopic peaks 

(M), the second isotopic peak (M+1) and their corresponding scan number. The output files 

from Decon2LS have been used by a few glycomics tools such as GlyReSoft (Maxwell et al. 

2012) and MultiGlycan (Yu et al. 2013). However, this is incompatible with tools that take 

XML identification files. In this case, module developers should consider designing a 

specific adapter for the CSV files and wrapping it with the same interface as the accepted 

XML format. In this way, the functions designed to process the XML file will remain intact. 

Note that adapters may cause loss of information, which can be problematic for downstream 

tools. In our case, when LC-tandem MS data was used for deconvolution, the linkage 

between precursor ion and the corresponding product ions was missing. As a remedy, we 

have to access the original raw files to recover the scan relationship between the precursor 

and product ions. Developing adapters for commonly used tools is as significant for the 

community as designing new dedicated tools, but requires deliberate consideration of adding 

and removing information.

Users should be aware of the available options of extending functionalities based on current 

framework in order to improve productivity, and focus on the part where significant 

modification and innovation is needed.

B. STANDARD FORMATS FOR MODULE COMMUNICATION

Researchers frequently need to combine external and in-house developed tools in order to 

process the glycoproteomics data generated using the latest techniques and experimental 

designs. For such purposes, it is more practical to develop modules based on file formats 

than legacy code, since the former removes the issues of compatibility and code 

maintenance, and minimizes the responsibilities of the developers. In addition, outputs from 

intermediate steps (e.g. identification results) can be stored in files, and picked up directly 

for downstream processing without re-running the whole program. This is beneficial when 

the program crashes during running or parameters in the downstream steps need to be 

changed. To facilitate the communication between tools, an established file format protocol 

should be pre-determined and the corresponding validation method should be provided. 

Even for self-contained software suites, it is still important for developers to deliver the 

function of exporting intermediate outputs into popular formats, so that users will have the 

flexibility to continue the data analysis using alternative programs. Recently, The Human 

Proteome Organization – Proteomics Standards Initiative (HUPO-PSI) proposed several 

standards covering raw data format mzML (Martens et al. 2011), peptide identification 

format mzIdentML (Jones et al. 2012) and quantification format mzQuantML (Walzer et al. 

2013). These standards allow tools from different groups to communicate with each other 

effectively. It is important for developers to follow the standard data formats, or at least 

provide the export of these formats as an option. A detailed description of these formats, 

access approaches and JAVA-based examples were given by Gonzalez-Galarza et al 

(Gonzalez-Galarza et al. 2014).
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Despite the fact that standard formats and guidelines in proteomics (Taylor et al. 2007) and 

glycoproteomics (Kolarich et al. 2013, York et al. 2014) have been made and consistently 

improved, there is a need to restrict the output formats produced by tools dedicated to 

different stages. For example, multiple preprocessing steps may be applied to the raw data 

file, and algorithm-specific information may be produced (e.g. DeconTools). Considering 

the diversity of results representation from different processing tools and distinct features of 

peptide and glycan sequences, it seems impractical to force tools at all stages to follow the 

standard formats. However, it is recommended that developers at least generate output 

formats in XML style appended with a schema file for format checking, or simply produce 

plain text files such as CSV files.

Platform dependency is another issue which may impede the integration of multiple tools. 

For example, msconvert from ProteoWizard project (Kessner et al. 2008, Chambers et al. 

2012) requires the Windows system in order to parse vendor-specific raw data. This will 

cause problems if the pipeline has been deployed on the Linux cluster. Developers may 

consider using simulation software such as WineHQ to simulate the windows environment, 

or use a dedicated Windows server for file conversion and a Linux server for heavy duty data 

processing, and let the two platforms share the same hard drive partition through local 

network (e.g. using SAMBA network protocol).

C. USER INTERFACE AND BATCH PROCESSING

Typical proteomics pipelines such as TPP (Deutsch et al. 2010) and OpenMS (Sturm et al. 

2008) provide simple graphic user interfaces (GUIs) for users to configure parameters and 

monitor work progress. TPP projects are managed through its web-based GUI Petunia by 

default, and a local Apache server needs to be launched in the backend to manage the data 

analysis. Users can submit multiple raw files, or input files at intermediate stages, and the 

analysis tasks stop in the end of each stage. LabKey Server (Nelson et al. 2011) also 

supports such web access to search engines and different TPP components, but provides 

more post-processing functions. In contrast, OpenMS offers better flexibility and portability 

in terms of workflow customization. Users can specify the parameters and number of 

threads/jobs of each module through its TOPPAS GUI (Junker et al. 2012). A nice feature of 

the TOPPAS interface is that users can export the whole workflow as well as the complete 

parameters into a template file, which can be used as input for command-line pipeline under 

different operation systems, or imported into TOPP on another computer.

ProteinProspector (Chalkley et al. 2005) provides all its tools through its online web server. 

Users are able to save and view the searched results. ProteinProspector also contains a utility 

program MS-Viewer (Baker & Chalkley 2014) that allows user to generate annotated spectra 

for publication purpose.

There are several advantages to deploy the computational tools in online web servers. The 

first is that the implementation is transparent to end users, so it is suitable for projects with 

copyright concerns, frequent update or complex configuration. The second is that users can 

choose to be notified only when the tasks are finished. This is advantageous especially for 

tasks that require long time processing, such as database searching. Developers may 

consider deploying the workflow on the cloud, where the computational resources can be 
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acquired on demand. In addition, with the advance of modern web techniques such as 

HTML5 and D3 visualization (Bostock et al. 2011), it is expected that a lot of useful user-

interactive features (PEPTAGRAM: http://boscoh.github.io/peptagram/) will be added to the 

web server, and users can even interact with the program, and involve in the algorithm 

decision-making process.

D. AVAILABLE TOOLS TOWARDS PIPELINE DEPLOYMENT

In addition to customizing modules under public proteomics framework, users may need to 

assemble their in house modules or legacy code into a pipeline. Shell script is commonly 

used to manage the computational tasks and input/output files at each stage; recent pipeline 

tools have emerged to facilitate module assembly and management that may be useful to the 

glycoproteomics community. Among these, Galaxy (Giardine et al. 2005, Blankenberg et al. 

2010, Goecks et al. 2010) is the most widely used pipeline tool in life science, and has been 

successfully applied to proteomics and proteogenomics in the Galaxy-P platform 

(Sheynkman et al. 2014). Galaxy provides a user-interactive interface that allows users to 

manipulate their modules and data. It also contains an appstore-like service ToolShed 

(Blankenberg et al. 2014) so that tools deployed by other groups can be cloned with no extra 

efforts. In addition, the Galaxy framework also supports API access and cloud extension 

(Afgan et al. 2012), both of which can be manipulated easily through Python package 

bioblend (Sloggett et al. 2013).

For users who wish to have flexible control of a workflow in a cluster environment, a 

command-line based pipeline tool is a good option. Bpipe (Sadedin et al. 2012) focuses on 

the management of running tasks in a simple and flexible style. The Python package nestly 

(McCoy et al. 2013) allows nested combinations of parameters/inputs as well as aggregation 

of output results. Tools published recently also added support for parallelization and scaling 

of the pipeline (Köster & Rahmann 2012, Gafni et al. 2014, Cingolani et al. 2015), which 

provide users with the options to analyze large datasets using different high performance 

computing infrastructures such as traditional cluster or cloud.

In order to determine the proper pipeline tools, users may need to consider the support of 

features such as status monitoring and reporting, failure recovery, scalability to support large 

scale dataset; the platform/infrastructure needed, portability, and user interface. Pipeline 

tools supporting environment clone or portable configuration will be highly beneficial for 

the whole community to repeat or validate the published methods.

VI. CONCLUSIONS AND PROSPECTS

Protein glycosylation elaborates the functional roles of carrier proteins in a spatially and 

temporally regulated manner. Characterization of glycosylation in a specific biological 

context, as well as its crosstalk with other protein PTMs (Hart et al. 2011), is necessary for 

understanding the complete regulation network and drive the development of new 

therapeutics.

Glycoproteomics experiments benefit from technological advances in the larger proteomics 

field. Similarly, most algorithms in glycoproteomics analysis can be traced back to their 
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respective prototypes in proteomics. In this review, we summarized current strategies used in 

identification, validation and quantification in glycoproteomics, and referred to the 

proteomics field for possible solutions. Nevertheless, the field of glycoproteomics is 

developing rapidly. Improvements in analytical methods and instrumentation now allow the 

production of high quality glycoproteomics data by non-expert proteomics laboratories. 

Each methodological improvement enables production of large datasets containing elaborate 

data structures and fragmentation patterns, the benefits of which can only be reaped with 

dedicated computational tools.

Concurrent efforts have been made on standardizing the formats for glycan structures 

(Lütteke & Frank 2015). Issues such as integrating protein reference and glycan 

identification information into a single file should concern the whole community. Progress 

and consensus on these issues will undoubtedly contribute to diminishing the inconsistency 

among tools and promote their reuse and further improvement. Instead of enforcing the open 

source for all scientific tools, we suggest that tools, regardless of their specific 

implementations, are best to be modularized to solve individual problems. This will 

maximize the reuse of the programs. Well-defined input/output formats and command-line 

interface are also critical to ensure the integration into new pipelines. All these only require 

minimal extra effort for developers in the beginning but will reward the whole community in 

the long run.

The paucity of computational tools in glycoproteomics analysis accessible to general users 

will likely last for years, as a corollary of consecutively emerged upgrades in experiment and 

instrument techniques. In order to meet this need, deployment of pipeline modules in 

framework with public accessibility will promote the popularization and integration of new 

tools. As consensus is achieved on standardizing the experimental procedure and analysis 

workflow, the tool scarcity situation will be changed in the foreseeable future.
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Abbreviations

API application program interface

CID collision-induced dissociation

ECD electron capture dissociation

ETD electron transfer dissociation

DIA data-independent acquisition

FDR false discovery rate

FP false positive

FTMS Fourier transform mass spectrometry

Hu et al. Page 24

Mass Spectrom Rev. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HCD higher energy dissociation

LC-MS liquid chromatography-mass spectrometry

LFQ label-free quantification

MALDI matrix-assisted laser desorption/ionization

MRM multiple reaction monitoring

PSM peptide-spectrum matching

PTM post-translational modification

TDA target-decoy approach

TMT tandem mass tags

TOF time-of-flight

TP true positive

TPP Trans-Proteomic Pipeline

QTOF quadrupole time-of-flight
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Figure 1. Basic workflow for automated analysis of glycoproteins
A comprehensive glycoproteomics pipeline should be able to either handle vendor specific 

multidimensional data formats or convert them to public data formats. Signal processing 

capabilities are an essential component of a mass spectrometry data analysis pipeline to 

ensure proper deconvolution, deisotoping, noise reduction and feature grouping. The pre-

processed data must be fed into a search engine which uses database search or de novo 
sequencing algorithms to identify peptides/glycopeptides and then validates and scores 

matches. Glycopeptide identification and validation would be followed by glycoprotein 

inference and grouping. An optional but important quantification module would provide 

absolute or relative quantification capabilities at both glycopeptide and glycoprotein levels. 

Finally, the results from glycopeptide and glycoprotein identification and quantification must 

be exported appropriate data structures. It is also important to have a built-in results 

visualization tool for users, along with basic sorting and filtering capabilities.
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Figure 2. Illustration of different identification methods
The connection between experimental tandem mass spectra and candidate sequences can be 

established in multiple styles. The experimental spectra can also be further converted to 

annotated peaks or sequence tags. The experimental data (spectra, peaks, or sequence tags) 

can either be used to build graph in a bottom-up way (de novo sequencing) or match against 

the theoretical data derived from database (database search).
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Figure 3. Principle of target-decoy model in peptide identification
The FP target hits and decoy hits (assumed to be FPs) share similar data structure (maintain 

a consistent ratio across the matching scores). Therefore, the FP target hits can be estimated 

from decoy hits and FDR can be calculated. This model requires the similarity and the non-

overlapping feature (orthogonality) between target data and decoy data.

Hu et al. Page 40

Mass Spectrom Rev. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hu et al. Page 41

Ta
b

le
 1

St
ru

ct
ur

al
 in

fo
rm

at
io

n 
pr

ov
id

ed
 b

y 
di

ff
er

en
t 

fr
ag

m
en

ta
ti

on
 m

et
ho

ds

A
na

ly
si

s 
of

 d
e-

gl
yc

os
yl

at
ed

 p
ep

tid
es

 m
ay

 r
es

ol
ve

 to
 s

om
e 

ex
te

nt
 th

e 
si

te
(s

) 
of

 g
ly

ca
n 

at
ta

ch
m

en
t t

o 
pe

pt
id

e 
bu

t t
he

 in
fo

rm
at

io
n 

on
 s

ite
-s

pe
ci

fi
c 

gl
yc

an
 

co
m

po
si

tio
ns

 is
 lo

st
. C

on
co

m
ita

nt
ly

, r
el

ea
se

d 
gl

yc
an

s 
ca

n 
be

 a
na

ly
ze

d 
to

 id
en

tif
y 

th
e 

to
ta

l p
oo

l o
f 

gl
yc

an
s 

on
 a

 g
ly

co
pr

ot
ei

n 
bu

t w
he

re
 m

ul
tip

le
 

gl
yc

os
yl

at
io

n 
si

te
s 

ex
is

t, 
in

fo
rm

at
io

n 
lin

ki
ng

 g
ly

ca
n 

co
m

po
si

tio
ns

 to
 in

di
vi

du
al

 s
ite

s,
 is

 lo
st

. I
t i

s 
th

er
ef

or
e 

de
si

ra
bl

e 
to

 a
na

ly
ze

 in
ta

ct
 g

ly
co

pe
pt

id
es

. 

G
ly

co
pe

pt
id

e 
an

al
ys

is
 u

si
ng

 m
as

s 
sp

ec
tr

om
et

ry
 is

 c
ha

lle
ng

in
g 

du
e 

to
 th

e 
la

rg
e 

gl
yc

an
 p

os
t-

tr
an

sl
at

io
na

l m
od

if
ic

at
io

n 
at

ta
ch

ed
 to

 th
e 

pe
pt

id
e,

 w
hi

ch
 

re
nd

er
s 

co
nv

en
tio

na
l p

ep
tid

e 
an

al
ys

is
 m

et
ho

ds
 in

ef
fi

ci
en

t. 
T

he
 m

ac
ro

 a
nd

 m
ic

ro
-h

et
er

og
en

ei
ty

 o
f 

gl
yc

an
s 

le
ad

s 
to

 a
 n

on
-l

in
ea

r 
in

cr
ea

se
 in

 th
e 

th
eo

re
tic

al
 

se
ar

ch
 s

pa
ce

 o
r 

th
e 

nu
m

be
r 

of
 p

os
si

bl
e 

co
m

po
si

tio
ns

 o
f 

gl
yc

op
ep

tid
es

. A
s 

a 
re

su
lt,

 m
as

s 
pr

of
ili

ng
 (

M
S1

) 
of

 g
ly

co
pe

pt
id

es
 y

ie
ld

s 
co

m
po

si
tio

n 
as

si
gn

m
en

ts
 

w
ith

 a
 g

re
at

 d
ea

l o
f 

am
bi

gu
ity

 a
nd

 h
ig

h 
FD

R
 (

K
ha

tr
i e

t a
l. 

20
14

),
 e

ve
n 

w
he

n 
hi

gh
 r

es
ol

ut
io

n 
m

as
s 

sp
ec

tr
om

et
er

s 
ar

e 
us

ed
 (

D
es

ai
re

 &
 H

ua
 2

00
9)

. 

T
he

re
fo

re
, t

an
de

m
 M

S 
(M

S2
) 

be
co

m
es

 im
pe

ra
tiv

e 
fo

r 
in

cr
ea

si
ng

 c
on

fi
de

nc
e 

an
d 

de
cr

ea
si

ng
 F

D
R

 in
 g

ly
co

pe
pt

id
e 

as
si

gn
m

en
t. 

Ta
nd

em
 M

S 
is

 a
 te

ch
ni

qu
e 

w
he

re
 io

ni
ze

d 
an

al
yt

es
 a

re
 f

ra
gm

en
te

d 
in

 th
e 

m
as

s 
sp

ec
tr

om
et

er
 a

nd
 th

e 
m

as
se

s 
of

 th
e 

re
su

lti
ng

 f
ra

gm
en

ts
 a

re
 th

en
 m

ea
su

re
d 

to
 f

ur
th

er
 r

es
ol

ve
 a

ny
 

am
bi

gu
iti

es
 in

 in
ta

ct
 m

as
s 

ba
se

d 
as

si
gn

m
en

ts
. T

an
de

m
 M

S 
of

 g
ly

co
pe

pt
id

es
 is

 ty
pi

ca
lly

 p
er

fo
rm

ed
 u

si
ng

 e
ith

er
 o

f 
tw

o 
m

aj
or

 f
ra

gm
en

ta
tio

n 
m

od
es

 

in
vo

lv
in

g 
vi

br
at

io
na

l/c
ol

lis
io

na
l a

ct
iv

at
io

n 
(C

ID
, H

C
D

) 
an

d 
el

ec
tr

on
/r

ad
ic

al
 b

as
ed

 a
ct

iv
at

io
n 

of
 th

e 
an

al
yt

e 
(E

T
D

, E
C

D
).

 I
n 

ad
di

tio
n 

to
 th

es
e 

m
et

ho
ds

, 

ph
ot

od
is

so
ci

at
io

n 
m

as
s 

sp
ec

tr
om

et
ry

 h
as

 r
ec

en
tly

 m
ad

e 
its

 w
ay

 in
to

 g
ly

co
pe

pt
id

e 
an

al
ys

is
 (

M
ad

se
n 

et
 a

l. 
20

13
),

 w
hi

le
 o

th
er

 m
et

ho
ds

 li
ke

 S
ID

 (
Su

rf
ac

e 

In
du

ce
d 

D
is

so
ci

at
io

n)
 a

nd
 I

nf
ra

re
d 

m
ul

tip
ho

to
n 

di
ss

oc
ia

tio
n 

(I
R

M
PD

) 
(S

ei
pe

rt
 e

t a
l. 

20
08

) 
ar

e 
be

in
g 

ex
pl

or
ed

. E
ac

h 
m

et
ho

d 
is

 s
om

ew
ha

t u
ni

qu
e,

 in
 te

rm
s 

of
 a

cc
es

si
bi

lit
y 

an
d 

th
e 

ki
nd

 o
f 

in
fo

rm
at

io
n 

ge
ne

ra
te

d.

F
ra

gm
en

ta
ti

on
 M

et
ho

d
In

st
ru

m
en

t 
ty

pe
T

yp
e 

of
 f

ra
gm

en
t 

io
ns

 g
en

er
at

ed

T
ra

p 
C

ID
IT

• 
St

ub
-g

ly
co

pe
pt

id
e 

io
ns

 (
in

ta
ct

 p
ep

tid
e 

io
ns

 w
ith

 s
m

al
l g

ly
ca

n 
fr

ag
m

en
ts

)
• 

A
bu

nd
an

t i
on

s 
fr

om
 lo

ss
 o

f 
m

on
os

ac
ch

ar
id

e 
un

its
 f

ro
m

 th
e 

pr
ec

ur
so

r
• 

O
xo

ni
um

 io
ns

 a
re

 o
bs

er
ve

d 
ba

se
d 

on
 a

cq
ui

si
tio

n 
ra

ng
e 

an
d 

pr
ec

ur
so

r 
m

/z
• 

Pe
pt

id
e 

ba
ck

bo
ne

 io
ns

 (
b 

an
d 

y)
 m

ay
 b

e 
ob

se
rv

ed
 in

 s
eq

ue
nt

ia
l t

an
de

m
 M

S.

B
ea

m
 ty

pe
 C

ID
T

O
F-

T
O

F,
 Q

-T
O

F,
 Q

-F
T

IC
R

• 
M

on
o,

 d
i o

r 
tr

i-
sa

cc
ha

ri
de

 o
xo

ni
um

 io
ns

.(
G

ly
co

si
di

c 
bo

nd
 c

le
av

ag
es

)
• 

St
ub

-g
ly

co
pe

pt
id

e 
io

ns
• 

Io
ns

 f
ro

m
 lo

ss
 o

f 
m

on
os

ac
ch

ar
id

e 
un

its
 f

ro
m

 th
e 

pr
ec

ur
so

r
• 

Pe
pt

id
e 

ba
ck

bo
ne

 io
ns

. (
b 

an
d 

y)
• 

Pe
pt

id
e 

ba
ck

bo
ne

 (
b 

an
d 

y)
 io

ns
 w

ith
 th

e 
st

ar
tin

g 
m

on
os

ac
ch

ar
id

e 
(H

ex
N

A
c)

H
C

D
O

rb
itr

ap
• 

M
on

o,
 d

i o
r 

tr
i-

sa
cc

ha
ri

de
 o

xo
ni

um
 io

ns
. (

G
ly

co
si

di
c 

bo
nd

 c
le

av
ag

es
)

• 
St

ub
-g

ly
co

pe
pt

id
e 

io
ns

.
• 

Io
ns

 f
ro

m
 lo

ss
 o

f 
m

on
os

ac
ch

ar
id

es
 f

ro
m

 th
e 

pr
ec

ur
so

r
• 

Pe
pt

id
e 

ba
ck

bo
ne

 io
ns

. (
b 

an
d 

y)

E
C

D
FT

IC
R

• 
Pe

pt
id

e 
ba

ck
bo

ne
 io

ns
 (

c 
an

d 
z 

io
ns

 w
ith

 m
od

if
ic

at
io

n)
.

• 
L

ab
ile

 P
T

M
s 

lik
e 

gl
yc

an
s 

an
d 

ph
os

ph
at

e 
gr

ou
ps

 r
em

ai
n 

la
rg

el
y 

in
ta

ct
 a

t t
he

 m
od

if
ic

at
io

n 
si

te
.

• 
C

ha
rg

e 
re

m
ot

e 
fr

ag
m

en
ta

tio
ns

, s
uc

h 
as

 in
te

rn
al

 f
ra

gm
en

ts
 a

nd
 a

m
in

o 
ac

id
 s

id
e 

ch
ai

n 
lo

ss
es

 c
an

 o
cc

ur
.

• 
B

et
te

r 
fo

r 
sh

or
te

r 
pe

pt
id

es
 th

an
 E

T
D

 d
ue

 to
 a

dd
iti

on
al

 f
ra

gm
en

ta
tio

n,
 w

hi
ch

 c
an

 b
e 

co
nt

ro
lle

d 
by

 v
ar

yi
ng

 a
ve

ra
ge

 e
le

ct
ro

n 
en

er
gy

.(
Z

hu
ro

v 
et

 a
l. 

20
13

)

E
T

D
IT

-F
T

IC
R

, I
T-

O
rb

itr
ap

• 
Sa

m
e 

as
 E

C
D

 (
c 

an
d 

z 
io

ns
 w

ith
 m

od
if

ic
at

io
ns

 in
ta

ct
).

• 
Pr

on
e 

to
 s

te
ri

c 
ef

fe
ct

s 
an

d 
el

ec
tr

on
 a

ff
in

ity
 d

ep
en

di
ng

 o
n 

re
ag

en
t u

se
d.

• 
Fe

w
er

 c
ha

rg
e 

re
m

ot
e 

fr
ag

m
en

ta
tio

ns
 a

nd
 s

ec
on

da
ry

 c
le

av
ag

es
 th

an
 in

 E
C

D
. (

L
i e

t a
l. 

20
10

)

Mass Spectrom Rev. Author manuscript; available in PMC 2018 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hu et al. Page 42

F
ra

gm
en

ta
ti

on
 M

et
ho

d
In

st
ru

m
en

t 
ty

pe
T

yp
e 

of
 f

ra
gm

en
t 

io
ns

 g
en

er
at

ed

U
V

PD
IT

-F
T

IC
R

, I
T-

O
rb

itr
ap

• 
Pe

pt
id

e 
ba

ck
bo

ne
 io

ns
 w

ith
 la

bi
le

 m
od

if
ic

at
io

n 
in

ta
ct

. (
Pr

ed
om

in
an

tly
 a

 a
nd

 x
 io

ns
)

• 
D

ia
gn

os
tic

 io
ns

 f
ro

m
 g

ly
co

si
di

c 
bo

nd
 a

nd
 c

ro
ss

-r
in

g 
cl

ea
va

ge
s.

Mass Spectrom Rev. Author manuscript; available in PMC 2018 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hu et al. Page 43

Ta
b

le
 2

Pr
ot

eo
m

ic
s 

so
ft

w
ar

e

Ta
sk

C
at

eg
or

y
So

ft
w

ar
e

F
ea

tu
re

s

D
at

ab
as

e 
se

ar
ch

 (
pe

pt
id

e)

C
om

pa
ri

so
n 

on
 s

pe
ct

ra
 le

ve
l

SE
Q

U
E

ST
 (

E
ng

 e
t a

l. 
19

94
)

• 
C

om
pa

re
s 

ex
pe

ri
m

en
ta

l s
pe

ct
ra

 w
ith

 th
eo

re
tic

al
 s

pe
ct

ra
 th

ro
ug

h 
cr

os
s-

co
rr

el
at

io
n 

fu
nc

tio
n

C
om

et
 (

E
ng

 e
t a

l. 
20

13
)

• 
A

ca
de

m
ic

 (
op

en
-s

ou
rc

e)
 v

er
si

on
 o

f 
SE

Q
U

E
ST

• 
In

cl
ud

ed
 in

 T
PP

/S
ea

rc
hG

U
I

T
id

e
• 

R
ei

m
pl

em
en

ta
tio

n 
of

 S
E

Q
U

E
ST

 a
lg

or
ith

m
 w

ith
 s

pe
ed

 o
pt

im
iz

at
io

n
• 

In
cl

ud
ed

 in
 S

ea
rc

hG
U

I

Pr
ob

ab
ili

ty
-b

as
ed

 s
co

ri
ng

M
as

co
t (

Pe
rk

in
s 

et
 a

l. 
19

99
)

• 
M

os
t p

op
ul

ar
 c

om
m

er
ci

al
 d

at
ab

as
e 

se
ar

ch
 e

ng
in

e
• 

In
te

gr
at

es
 m

as
s 

fi
ng

er
pr

in
t s

ea
rc

h,
 s

eq
ue

nc
e 

ta
g 

an
d 

no
rm

al
 d

at
ab

as
e 

se
ar

ch
• 

Pr
ob

ab
ili

ty
 b

as
ed

 s
co

ri
ng

• 
W

id
el

y 
su

pp
or

te
d

Pr
ot

ei
nP

ro
sp

ec
to

r 
(C

la
us

er
 e

t a
l. 

19
99

, 
C

ha
lk

le
y 

et
 a

l. 
20

08
)

• 
C

om
pr

eh
en

si
ve

 a
na

ly
si

s 
of

 p
ro

te
om

ic
s 

da
ta

 a
t i

nc
re

as
in

g 
le

ve
ls

 o
f 

de
pt

h
• 

Se
ar

ch
es

 u
se

r 
in

pu
t m

od
if

ic
at

io
n 

ty
pe

s
• 

A
llo

w
s 

de
te

ct
io

n 
of

 n
ov

el
 m

od
if

ic
at

io
n 

ty
pe

s
• 

Si
te

 lo
ca

liz
at

io
n 

in
 p

ep
tid

e 
(S

L
IP

) 
sc

or
in

g

X
!T

an
de

m
 (

C
ra

ig
 &

 B
ea

vi
s 

20
04

)
• 

M
ul

tip
as

s 
se

ar
ch

 f
or

 m
od

if
ie

d 
an

d 
no

n-
tr

yp
tic

 p
ep

tid
es

• 
C

om
pa

tib
le

 w
ith

 P
ro

te
om

e 
D

is
co

ve
re

r, 
T

PP
, T

O
PP

, L
ab

K
ey

, R
fo

rP
ro

te
om

ic
s

M
yr

im
at

ch
 (

Ta
bb

 e
t a

l. 
20

07
),

• 
M

ul
tiv

ar
ia

te
 h

yp
er

ge
om

et
ri

c 
di

st
ri

bu
tio

n 
to

 c
al

cu
la

tin
g 

ra
nd

om
 m

at
ch

• 
St

ra
tif

ic
at

io
n 

of
 p

ea
k 

in
te

ns
iti

es
 f

or
 b

et
te

r 
di

sc
ri

m
in

at
io

n

O
M

SS
A

 (
G

ee
r 

et
 a

l. 
20

04
)

• 
Pr

ob
ab

ili
ty

-b
as

ed
 s

co
ri

ng
 (

Po
is

so
n 

di
st

ri
bu

tio
n)

• 
N

o 
lo

ng
er

 m
ai

nt
ai

ne
d

A
nd

ro
m

ed
a 

(C
ox

 e
t a

l. 
20

11
)

• 
Pr

ob
ab

ili
ty

-b
as

ed
 s

co
ri

ng
 (

bi
no

m
ia

l d
is

tr
ib

ut
io

n)
• 

Su
pp

or
ts

 c
om

pl
ex

 P
T

M
s 

an
d 

la
rg

e 
da

ta
ba

se
• 

St
an

da
lo

ne
 o

r 
in

cl
ud

ed
 in

 M
ax

Q
ua

nt

O
pt

im
iz

ed
 f

or
 h

ig
h-

re
so

lu
tio

n 
ta

nd
em

 m
as

s 
sp

ec
tr

a

M
or

ph
eu

s 
(W

en
ge

r 
&

 C
oo

n 
20

13
)

• 
D

es
ig

ne
d 

fo
r 

hi
gh

 r
es

ol
ut

io
n 

ta
nd

em
 m

as
s 

sp
ec

tr
om

et
ry

• 
Si

m
pl

e 
sc

or
in

g 
fu

nc
tio

n
• 

Fa
st

 s
pe

ed

M
S 

A
m

an
da

 (
D

or
fe

r 
et

 a
l. 

20
14

)
• 

O
pt

im
iz

ed
 f

or
 h

ig
h 

re
so

lu
tio

n 
ta

nd
em

 m
as

s 
sp

ec
tr

a
• 

Su
pp

or
t m

ul
tip

le
 f

ra
gm

en
ta

tio
n 

ty
pe

s 
(H

C
D

, E
T

D
, a

nd
 C

ID
)

• 
Pr

ob
ab

ili
ty

-b
as

ed
 s

co
ri

ng
 (

cu
m

ul
at

iv
e 

bi
no

m
ia

l d
is

tr
ib

ut
io

n)
• 

In
cl

ud
ed

 in
 S

ea
rc

hG
U

I 
an

d 
no

de
 in

 P
ro

te
om

e 
D

is
co

ve
r

U
ni

ve
rs

al
M

S-
G

F+
 (

K
im

 a
nd

 P
ev

zn
er

, 2
01

4)
• 

Su
pp

or
t f

or
 d

at
a 

fr
om

 m
ul

tip
le

 f
ra

gm
en

ta
tio

n 
m

et
ho

ds
, m

ul
tip

le
 e

nz
ym

e 
di

ge
st

io
n,

 a
nd

 p
ho

sp
ho

pr
ot

eo
m

ic
s

• 
B

io
co

nd
uc

to
r, 

Se
ar

ch
G

U
I

de
 n

ov
o 

se
qu

en
ci

ng

N
aï

ve
 a

pp
ro

ac
h

PE
A

K
S 

(Z
ha

ng
, X

in
, e

t a
l. 

20
12

)
• 

W
id

el
y 

us
ed

 c
om

m
er

ci
al

 to
ol

 f
or

 d
e 

no
vo

 s
eq

ue
nc

in
g

• 
G

en
er

at
es

 c
on

se
ns

us
 s

eq
ue

nc
es

 b
as

ed
 o

n 
co

m
pa

ri
so

n 
of

 e
xp

er
im

en
ta

l s
pe

ct
ru

m
 

w
ith

 a
 la

rg
e 

po
ol

 o
f 

ra
nd

om
ly

 s
am

pl
ed

 s
eq

ue
nc

es
• 

N
ow

 a
 f

ul
l-

 f
ea

tu
re

d 
so

ft
w

ar
e 

su
ite

 f
or

 p
ro

te
om

ic
s 

st
ud

y

Sp
ec

tr
um

 g
ra

ph
 (

dy
na

m
ic

 p
ro

gr
am

m
in

g)
pN

ov
o+

 (
C

hi
 e

t a
l. 

20
12

)
• 

In
te

gr
at

es
 c

om
pl

em
en

ta
ry

 H
C

D
 a

nd
 E

T
D

 s
pe

ct
ra

l i
nf

or
m

at
io

n.

Mass Spectrom Rev. Author manuscript; available in PMC 2018 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hu et al. Page 44

Ta
sk

C
at

eg
or

y
So

ft
w

ar
e

F
ea

tu
re

s

• 
pD

A
G

 a
lg

or
ith

m
 lo

ok
in

g 
fo

r 
th

e 
to

p 
k 

lo
ng

es
t p

at
hs

• 
0.

01
8s

 f
or

 s
eq

ue
nc

in
g 

/ s
pe

ct
ru

m

pe
pN

ov
o+

 (
Fr

an
k 

20
09

a)
• 

B
oo

st
in

g-
ba

se
d 

PS
M

 r
an

ki
ng

 a
lg

or
ith

m
 in

te
gr

at
in

g 
m

ul
tip

le
 P

SM
 f

ea
tu

re
s

U
ni

N
ov

o 
(J

eo
ng

 e
t a

l 2
01

3)
• 

In
de

pe
nd

en
t o

f 
sp

ec
if

ic
 s

pe
ct

ra
l t

yp
e

• 
E

st
im

at
es

 th
e 

pr
ob

ab
ili

ty
 th

at
 a

 c
on

st
ru

ct
ed

 s
eq

ue
nc

e 
is

 c
or

re
ct

N
ov

or
 (

M
a 

20
15

)
• 

C
ur

re
nt

ly
 th

e 
fa

st
es

t s
eq

ue
nc

in
g 

to
ol

 f
or

 d
e 

no
vo

 s
ea

rc
he

s
• 

C
on

ta
in

s 
tw

o 
la

rg
e 

de
ci

si
on

 tr
ee

s 
bu

ilt
 f

ro
m

 N
IS

T
 s

pe
ct

ra
l l

ib
ra

ry
• 

Su
pp

or
te

d 
by

 D
eN

ov
oG

U
I

H
yb

ri
d 

ap
pr

oa
ch

B
yo

ni
c™

 (
B

er
n 

et
 a

l. 
20

12
)

• 
In

te
gr

at
io

n 
of

 d
at

ab
as

e 
se

ar
ch

 w
ith

 d
e 

no
vo

 s
eq

ue
nc

in
g

• 
Su

pp
or

ts
 th

e 
de

te
ct

io
n 

of
 g

ly
co

sy
la

tio
n

• 
Su

pp
or

ts
 u

ne
xp

ec
te

d/
no

ve
l P

T
M

s
• 

Su
pp

or
ts

 m
ul

tip
le

 f
ra

gm
en

ta
tio

n 
m

et
ho

ds
• 

St
an

da
lo

ne
 o

r 
no

de
 in

 P
ro

te
om

e 
D

is
co

ve
re

r

PE
A

K
S 

D
B

 (
Z

ha
ng

 e
t a

l. 
20

12
)

• 
In

te
gr

at
io

n 
of

 d
at

ab
as

e 
se

ar
ch

 w
ith

 d
e 

no
vo

 s
eq

ue
nc

in
g

• 
D

ec
oy

 f
us

io
n 

fo
r 

re
su

lt 
va

lid
at

io
n

Sp
ec

tr
al

 li
br

ar
y

Pe
pt

id
e

Sp
ec

tr
aS

T
 (

L
am

 e
t a

l. 
20

07
)

• 
O

pe
n-

so
ur

ce
, e

xt
en

si
bl

e 
ta

nd
em

 M
S 

sp
ec

tr
al

 s
ea

rc
hi

ng
 to

ol
• 

Se
ar

ch
es

 a
 s

pe
ct

ra
l l

ib
ra

ry
; f

as
te

r 
th

an
 d

at
ab

as
e 

se
ar

ch
 e

ng
in

es
• 

In
cl

ud
ed

 in
 T

PP

B
ib

lio
Sp

ec
 (

Fr
ew

en
 e

t a
l. 

20
06

)
• 

St
or

es
 ta

nd
em

 m
as

s 
sp

ec
tr

al
 li

br
ar

ie
s 

in
 a

n 
op

en
-s

ou
rc

e 
da

ta
 f

or
m

at
• 

B
ui

ld
s 

pe
pt

id
e 

ta
nd

em
 M

S 
lib

ra
ri

es
 a

nd
 r

em
ov

es
 r

ed
un

da
nt

 s
pe

ct
ra

• 
Se

ar
ch

es
 li

br
ar

y 
fo

r 
m

at
ch

es
 u

si
ng

 q
ue

ry
 s

pe
ct

ra

X
!H

un
te

r 
(C

ra
ig

 e
t a

l. 
20

06
)

• 
B

as
ed

 o
n 

an
no

ta
te

d 
pe

pt
id

e 
ta

nd
em

 m
as

s 
sp

ec
tr

a 
in

 th
e 

G
lo

ba
l P

ro
te

om
e 

M
ac

hi
ne

 D
at

ab
as

e 
(h

ttp
://

gp
m

db
.th

eg
pm

.o
rg

/)
• 

D
if

fe
re

nt
 ta

nd
em

 m
as

s 
sp

ec
tr

a 
fr

om
 th

e 
sa

m
e 

pe
pt

id
e 

w
er

e 
av

er
ag

ed
 to

 f
ac

ili
ta

te
 

co
m

pa
ri

so
n 

of
 e

xp
er

im
en

ta
l d

at
a 

to
 th

e 
lib

ra
ry

.

V
al

id
at

io
n

PS
M

 v
al

id
at

io
n

Pe
rc

ol
at

or
 (

B
ro

sc
h 

et
 a

l 2
00

9)
• 

A
 m

ac
hi

ne
 le

ar
ni

ng
 m

et
ho

d 
fo

r 
re

sc
or

in
g 

da
ta

ba
se

 s
ea

rc
h 

re
su

lts
• 

O
ut

pe
rf

or
m

s 
M

as
co

t s
co

ri
ng

 s
ch

em
es

• 
Pr

ov
id

es
 s

ig
ni

fi
ca

nc
e 

m
ea

su
re

s

Pe
pt

id
eP

ro
ph

et
 (

M
a 

et
 a

l 2
01

2)
• 

Su
pp

or
ts

 v
al

id
at

io
n 

of
 P

SM
s 

fr
om

 m
ul

tip
le

 s
ea

rc
h 

en
gi

ne
s.

• 
U

se
s 

th
e 

ex
pe

ct
at

io
n-

m
ax

im
iz

at
io

n 
al

go
ri

th
m

 to
 d

is
tin

gu
is

h 
co

rr
ec

tly
 a

ss
ig

ne
d 

pe
pt

id
es

 to
 in

co
rr

ec
tly

 a
ss

ig
ne

d 
on

es
, a

nd
 c

om
pu

te
s 

th
e 

pr
ob

ab
ili

ty
 o

f 
ea

ch
 P

SM
 

to
 b

e 
co

rr
ec

t.
• 

In
cl

ud
ed

 in
 T

PP

Pe
pt

id
e 

se
qu

en
ce

 v
al

id
at

io
n 

&
 in

te
gr

at
io

n 
of

 s
ea

rc
h 

en
gi

ne

iP
ro

ph
et

 (
Sh

te
yn

be
rg

 e
t a

l 2
01

1)
• 

tC
al

cu
la

te
s 

th
e 

pr
ob

ab
ili

ty
 o

f 
un

iq
ue

 p
ep

tid
e 

se
qu

en
ce

s 
us

in
g 

PS
M

 p
ro

ba
bi

lit
ie

s 
fr

om
 P

ep
tid

eP
ro

ph
et

• 
co

m
bi

ne
s 

re
su

lts
 f

ro
m

 m
ul

tip
le

 s
ea

rc
h 

en
gi

ne
s

• 
In

cl
ud

ed
 in

 T
PP

C
on

se
ns

us
ID

 (
N

ah
ns

en
 e

t a
l. 

20
11

)
• 

C
om

bi
ne

s 
re

su
lts

 f
ro

m
 m

ul
tip

le
 s

ea
rc

h 
en

gi
ne

s.
• 

C
on

ve
rt

s 
ea

ch
 e

ng
in

e 
sc

or
es

 in
to

 p
ro

ba
bi

lit
ie

s,
 a

nd
 g

en
er

at
es

 c
on

se
ns

us
 s

co
re

 
fo

r 
ea

ch
 s

eq
ue

nc
e

M
SB

le
nd

er
 (

K
w

on
 e

t a
l. 

20
11

)
• 

C
on

ve
rt

s 
ra

w
 p

ro
te

om
ic

s 
da

ta
ba

se
 s

ea
rc

h 
sc

or
es

 in
to

 a
 p

ro
ba

bi
lit

y 
sc

or
e 

fo
r 

ev
er

y 
pe

pt
id

e-
sp

ec
tr

um
 m

at
ch

.

Mass Spectrom Rev. Author manuscript; available in PMC 2018 July 01.

http://gpmdb.thegpm.org/


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hu et al. Page 45

Ta
sk

C
at

eg
or

y
So

ft
w

ar
e

F
ea

tu
re

s

• 
Im

pr
ov

es
 a

bi
lit

y 
to

 id
en

tif
y 

an
d 

qu
an

tif
y 

pe
pt

id
es

 o
ve

r 
su

e 
of

 s
in

gl
e 

se
ar

ch
 

en
gi

ne
s

Pr
ot

ei
n 

FD
R

M
A

Y
U

 (
R

ei
te

r 
et

 a
l. 

20
09

)
• 

U
se

s 
a 

hy
pe

rg
eo

m
et

ri
c 

m
od

el
 to

 c
al

cu
la

te
 F

D
R

 f
or

 p
ro

te
in

 id
en

tif
ic

at
io

n 
fo

r 
la

rg
e 

da
ta

se
ts

• 
In

cl
ud

ed
 in

 O
pe

nM
S/

T
O

PP

Q
ua

nt
if

ic
at

io
n

M
S1

 q
ua

nt
if

ic
at

io
n

M
ax

Q
ua

nt
 (

C
ox

 &
 M

an
n 

20
08

)
• 

Su
pp

or
ts

 q
ua

nt
if

ic
at

io
n 

of
 la

be
l-

fr
ee

 a
nd

 la
be

lin
g 

da
ta

se
ts

 (
e.

g.
 T

M
T,

 S
IL

A
C

, 
iT

R
A

Q
)

• 
Pa

ra
m

et
er

s 
op

tim
iz

ed
 f

or
 g

en
er

al
 u

sa
ge

.
• 

In
te

gr
at

es
 w

ith
 A

nd
ro

m
ed

a

M
S1

/M
S2

 q
ua

nt
if

ic
at

io
n

Pr
ot

ei
nQ

ua
nt

if
ie

r 
(W

ei
ss

er
 e

t a
l. 

20
13

)
• 

To
p3

 a
pp

ro
ac

h 
fo

r 
qu

an
tif

ic
at

io
n

• 
Su

pp
or

ts
 th

e 
im

po
rt

 o
f 

pr
ot

ei
n 

in
fe

re
nc

e 
re

su
lts

 f
ro

m
 o

ut
si

de
 s

of
tw

ar
e,

 e
.g

. 
Pr

ot
ei

nP
ro

ph
et

 a
nd

 F
id

o.

Ta
rg

et
ed

Sk
yl

in
e 

(M
ac

L
ea

n 
et

 a
l. 

20
10

, 
M

ac
le

an
 e

t a
l. 

20
10

)
• 

O
pe

n 
so

ur
ce

 w
in

do
w

s 
cl

ie
nt

 f
or

 ta
rg

et
ed

 p
ro

te
om

ic
s 

m
et

ho
ds

 c
re

at
io

n
• 

Su
pp

or
ts

 c
re

at
io

n 
an

d 
us

e 
of

 ta
nd

em
 M

S 
sp

ec
tr

al
 li

br
ar

ie
s

• 
W

or
ks

 w
ith

 m
an

y 
M

S 
ve

nd
or

 p
la

tf
or

m
s

• 
A

llo
w

s 
in

te
gr

at
io

n 
of

 e
xt

er
na

l t
oo

ls

m
Pr

op
he

t (
Su

ri
no

va
 e

t a
l 2

01
3)

• 
W

or
kf

lo
w

 f
or

 a
na

ly
si

s 
of

 la
rg

e 
qu

an
tit

at
iv

e 
se

le
ct

ed
 r

ea
ct

io
n 

m
on

ito
ri

ng
 d

at
a 

se
ts

• 
D

es
ig

ne
d 

fo
r 

us
e 

w
ith

 s
ta

bl
e 

is
ot

op
e 

la
be

le
d 

pe
pt

id
e 

in
te

rn
al

 s
ta

nd
ar

ds
• 

In
cl

ud
ed

 in
 T

PP

U
nt

ar
ge

te
d/

da
ta

-i
nd

ep
en

de
nt

 a
na

ly
si

s

O
pe

nS
W

A
T

H
 (

R
ös

t e
t a

l. 
20

14
)

• 
O

pe
n 

so
ur

ce
 s

of
tw

ar
e 

fo
r 

ta
rg

et
ed

 a
na

ly
si

s 
of

 D
IA

 d
at

a 
se

ts
• 

C
om

pa
tib

le
 w

ith
 m

ul
tip

le
 M

S 
ve

nd
or

 d
at

a 
vi

a 
op

en
 d

at
a 

fo
rm

at
s

• 
Pr

ov
id

es
 r

et
en

tio
n 

tim
e 

al
ig

nm
en

t, 
ch

ro
m

at
og

ra
m

 e
xt

ra
ct

io
n 

an
d 

st
at

is
tic

al
 

an
al

ys
is

D
IA

-U
m

pi
re

 (
T

so
u 

et
 a

l. 
20

15
)

• 
D

et
ec

ts
 p

re
cu

rs
or

 a
nd

 p
ro

du
ct

io
n 

ch
ro

m
at

og
ra

ph
ic

 f
ea

tu
re

s 
an

d 
as

se
m

bl
es

 th
em

 
in

to
 p

se
ud

o-
ta

nd
em

 m
as

s 
sp

ec
tr

a
• 

Ps
eu

do
 ta

nd
em

 m
as

s 
sp

ec
tr

a 
ca

n 
be

 id
en

tif
ie

d 
w

ith
 p

ro
te

om
ic

s 
se

ar
ch

 e
ng

in
e

• 
C

om
bi

ne
s 

un
ta

rg
et

ed
 p

ep
tid

e 
id

en
tif

ic
at

io
n 

an
d 

ta
rg

et
ed

 q
ua

nt
if

ic
at

io
n

In
te

gr
at

io
n

Id
en

tif
ic

at
io

n

Se
ar

ch
G

U
I 

(V
au

de
l e

t a
l. 

20
11

)
• 

O
pe

n-
so

ur
ce

 g
ra

ph
ic

al
 u

se
r 

in
te

rf
ac

e 
fo

r 
ru

nn
in

g 
O

M
SS

A
 a

nd
 X

!T
an

de
m

 s
ea

rc
h 

en
gi

ne
s

• 
M

an
ag

es
 p

ar
am

et
er

s 
an

d 
ta

sk
s 

fo
r 

m
ul

tip
le

 s
ea

rc
h 

en
gi

ne
s

D
en

ov
oG

U
I 

(M
ut

h 
et

 a
l. 

20
14

)
• 

G
ra

ph
ic

al
 u

se
r 

in
te

rf
ac

e 
fo

r 
ru

nn
in

g 
pa

ra
lle

liz
ed

 v
er

si
on

s 
of

 th
e 

de
 n

ov
o 

se
qu

en
ci

ng
 s

of
tw

ar
e 

Pe
pN

ov
o+

• 
M

S 
pl

at
fo

rm
 in

de
pe

nd
en

t

Q
ua

nt
if

ic
at

io
n

aL
FQ

 (
R

os
en

be
rg

er
 e

t a
l. 

20
14

)
• 

Su
pp

or
ts

 m
ul

tip
le

 a
bs

ol
ut

e 
la

be
l-

fr
ee

 p
ro

te
in

 q
ua

nt
if

ic
at

io
n 

m
et

ho
ds

 (
To

pN
, 

iB
A

Q
, A

PE
X

, N
SA

F 
an

d 
SC

A
M

PI
)

• 
R

 p
ac

ka
ge

V
al

id
at

io
n 

an
d 

pr
ot

ei
n 

in
fe

re
nc

e
Pe

pt
id

eS
ha

ke
r 

(V
au

de
l e

t a
l. 

20
15

)
• 

U
til

iz
es

 th
e 

ou
tp

ut
 f

ro
m

 m
ul

tip
le

 s
ea

rc
h 

en
gi

ne
s.

• 
C

al
cu

la
te

s 
fa

ls
e 

di
sc

ov
er

y 
ra

te
 (

FD
R

) 
an

d 
fa

ls
e 

ne
ga

tiv
e 

ra
te

 (
FN

R
) 

fo
r 

PS
M

s,
 

pe
pt

id
es

, a
nd

 p
ro

te
in

s.
• 

Pr
ov

id
es

 u
se

r-
fr

ie
nd

ly
 w

ay
 o

f 
fi

lte
ri

ng
 a

nd
 v

is
ua

liz
in

g 
re

su
lts

.

Mass Spectrom Rev. Author manuscript; available in PMC 2018 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hu et al. Page 46

Ta
b

le
 3

G
ly

co
pr

ot
eo

m
ic

s 
so

ft
w

ar
e

So
ft

w
ar

e
F

ea
tu

re
s

B
yo

ni
c™

 (
B

er
n 

et
 a

l. 
20

12
)

• 
C

om
m

er
ci

al
 s

of
tw

ar
e

• 
Su

pp
or

ts
 th

e 
de

te
ct

io
n 

of
 g

ly
co

sy
la

tio
n 

si
te

• 
Su

pp
or

ts
 u

ne
xp

ec
te

d/
no

vo
 P

T
M

s
• 

Su
pp

or
ts

 m
ul

tip
le

 f
ra

gm
en

ta
tio

n 
m

et
ho

ds
• 

St
an

da
lo

ne
 a

nd
 n

od
e 

in
 P

ro
te

om
e 

D
is

co
ve

re
r

G
ly

co
Fr

ag
W

or
k 

(M
ay

am
pu

ra
th

, S
on

g,
 e

t a
l. 

20
14

)
• 

Pe
rf

or
m

s 
la

be
l f

re
e 

qu
an

tif
ic

at
io

n 
an

d 
gl

yc
op

ep
tid

e 
id

en
tif

ic
at

io
n

• 
U

se
s 

C
A

D
/C

ID
/H

C
D

 d
at

a 
to

 id
en

tif
y 

gy
ca

n,
 E

T
D

 to
 id

en
tif

y 
pe

pt
id

e

G
ly

co
M

as
te

r 
D

B
 (

H
e 

et
 a

l. 
20

14
)

• 
U

si
ng

 a
 c

om
bi

na
tio

n 
of

 g
ly

co
pe

pt
id

e 
H

C
D

 a
nd

 E
T

D
 ta

nd
em

 m
as

s 
sp

ec
tr

a,
 s

ea
rc

he
s 

a 
pr

ot
ei

n 
se

qu
en

ce
 d

at
ab

as
e 

an
d 

a 
gl

yc
an

 d
at

ab
as

e 
to

 id
en

tif
y 

th
e 

be
st

 g
ly

ca
n/

pe
pt

id
e 

pa
ir

• 
W

ith
 H

C
D

 o
nl

y 
da

ta
, i

de
nt

if
ie

s 
th

e 
gl

yc
an

G
ly

co
Pe

p 
D

et
ec

to
r 

(Z
hu

 e
t a

l. 
20

13
)

• 
A

ss
ig

ns
 g

ly
co

pe
pt

id
es

 f
ro

m
 E

T
D

 ta
nd

em
 m

as
s 

sp
ec

tr
al

 d
at

a
• 

U
se

r 
de

fi
ne

s 
ta

rg
et

 p
ro

te
in

 a
nd

 s
et

 o
f 

th
eo

re
tic

al
 g

ly
ca

ns
• 

A
lg

or
ith

m
 s

co
re

s 
E

T
D

 d
at

a 
ag

ai
ns

t t
he

or
et

ic
al

 g
ly

co
pe

pt
id

es
.

G
ly

co
Pe

p 
E

va
lu

at
or

 (
Z

hu
 e

t a
l. 

20
14

)
• 

G
en

er
at

es
 d

ec
oy

 d
at

ab
as

e 
op

tim
iz

ed
 f

or
 g

ly
co

pe
pt

id
es

 (
ta

rg
et

:d
ec

oy
 =

 1
:2

0)
• 

Sc
or

es
 g

ly
co

pe
pt

id
e 

E
T

D
 d

at
a.

G
ly

co
Pe

p 
G

ra
de

r 
(W

oo
di

n 
et

 a
l. 

20
12

)
• 

C
al

cu
la

te
s 

th
eo

re
tic

al
 c

om
po

si
tio

ns
 f

or
 g

ly
co

pe
pt

id
es

 f
ro

m
 a

 u
se

r 
in

pu
t t

ar
ge

t p
ro

te
in

 a
nd

 a
 d

ef
in

ed
 s

et
 o

f 
gl

yc
an

 c
om

po
si

tio
ns

• 
Sc

or
es

 c
an

di
da

te
 g

ly
co

pe
pt

id
e 

co
m

po
si

tio
ns

 a
ga

in
st

 ta
nd

em
 m

as
s 

sp
ec

tr
al

 d
at

a.
• 

G
en

er
at

es
 f

al
se

 d
is

co
ve

ry
 r

at
es

 u
si

ng
 a

 s
et

 o
f 

de
co

y 
gl

yc
op

ep
tid

es
.

G
ly

co
Pe

pt
id

eS
ea

rc
h 

(C
ha

nd
le

r 
et

 a
l. 

20
13

)
• 

Id
en

tif
ie

s 
gl

yc
op

ep
tid

es
 f

ro
m

 c
ol

lis
io

na
l t

an
de

m
 m

as
s 

sp
ec

tr
a 

us
in

g 
us

er
 d

ef
in

ed
 p

ep
tid

e 
se

qu
en

ce
s 

an
d 

gl
yc

an
s 

fr
om

 G
ly

co
m

e 
D

B
• 

U
se

s 
co

lli
si

on
al

 d
is

so
ci

at
io

n 
ta

nd
em

 M
S 

da
ta

• 
Id

en
tif

ie
s 

ox
on

iu
m

 io
ns

 a
nd

 p
ep

tid
e 

m
as

s 
fr

om
 p

ep
tid

e+
sa

cc
ha

ri
de

 io
ns

• 
D

oe
s 

no
t m

at
ch

 p
ep

tid
e 

ba
ck

bo
ne

 f
ra

gm
en

ts

G
ly

D
B

 (
R

en
 e

t a
l. 

20
07

)
• 

L
in

ea
ri

ze
s 

a 
gl

yc
an

 s
tr

uc
tu

re
 d

at
ab

as
e 

to
 a

llo
w

 s
ea

rc
hi

ng
 o

f 
gl

yc
op

ep
tid

e 
ta

nd
em

 m
as

s 
sp

ec
tr

a 
us

in
g 

Se
qu

es
t

G
ly

PI
D

 (
W

u 
et

 a
l 2

01
0)

• 
G

ro
up

s 
gl

yc
op

ep
tid

es
 d

et
ec

te
d 

in
 r

ev
er

se
d 

ph
as

e 
L

C
-M

S 
da

ta
 s

et
s 

ac
co

rd
in

g 
to

 p
re

se
nc

e 
of

 io
ns

 d
if

fe
ri

ng
 b

y 
m

on
os

ac
ch

ar
id

e 
re

si
du

e 
m

as
se

s
• 

Sc
or

es
 g

ly
co

pe
pt

id
es

 b
as

ed
 o

n 
M

S 
an

d 
ta

nd
em

 M
S 

da
ta

G
P 

Fi
nd

er
 (

St
ru

m
 e

t a
l. 

20
13

)
• 

U
se

s 
de

co
nv

ol
ut

ed
 d

ei
so

to
pe

d 
C

ID
/C

A
D

/H
C

D
 ta

nd
em

 m
as

s 
sp

ec
tr

a 
to

 id
en

tif
y 

gl
yc

op
ep

tid
es

 p
ro

du
ce

d 
us

in
g 

no
n-

sp
ec

if
ic

 p
ro

te
as

es
• 

Fi
lte

rs
 f

or
 o

xo
ni

um
 io

ns
 a

nd
 s

el
f-

co
ns

is
te

nc
y 

ru
le

s
• 

U
se

s 
a 

de
co

y 
st

ra
te

gy
 to

 e
st

im
at

e 
fa

ls
e 

di
sc

ov
er

y 
ra

te

G
PQ

ue
st

 (
To

gh
i E

sh
gh

i e
t a

l. 
20

15
)

• 
Sp

ec
tr

al
 li

br
ar

y 
m

at
ch

in
g 

al
go

ri
th

m
 f

or
 N

-g
ly

co
pe

pt
id

es
 u

si
ng

 H
C

D
 ta

nd
em

 M
S

• 
C

on
st

ru
ct

s 
a 

lib
ra

ry
 o

f 
de

gl
yc

os
yl

at
ed

 p
ep

tid
es

• 
C

la
ss

if
ie

s 
gl

yc
op

ep
tid

e 
ta

nd
em

 m
as

s 
sp

ec
tr

a 
ba

se
d 

on
 p

re
se

nc
e 

of
 o

xo
ni

um
 io

ns
• 

Id
en

tif
ie

s 
gl

yc
op

ep
tid

es
 u

si
ng

 a
 s

ea
rc

h 
of

 in
ta

ct
 g

ly
co

pe
pt

id
e 

ta
nd

em
 m

as
s 

sp
ec

tr
a 

ag
ai

ns
t t

he
 li

br
ar

y 
of

 d
eg

ly
co

sy
la

te
d 

pe
pt

id
es

.

M
A

G
IC

 (
Ly

nn
 e

t a
l. 

20
15

)
• 

Id
en

tif
ic

at
io

n 
of

 in
ta

ct
 g

ly
co

pe
pt

id
e 

fr
om

 C
ID

 s
pe

ct
ra

• 
E

xt
ra

ct
s 

b/
y 

io
ns

 f
or

 p
ep

tid
e 

da
ta

ba
se

 s
ea

rc
h

• 
U

se
s 

m
as

s 
sh

if
t, 

B
/Y

 io
ns

 a
nd

 lo
ok

-u
p 

ta
bl

e 
(c

om
pi

le
d 

fr
om

 b
io

sy
nt

he
tic

 r
ul

es
) 

to
 s

co
re

 g
ly

ca
n 

co
m

po
si

tio
n

M
ed

ic
el

 N
-g

yc
op

ep
tid

e 
lib

ra
ry

 (
Jo

en
va

ar
a 

et
 

al
. 2

00
8)

• 
A

ss
ig

ns
 g

ly
co

pe
pt

id
es

 f
ro

m
 d

ec
on

vo
lu

te
d 

ta
nd

em
 m

as
s 

sp
ec

tr
a

• 
C

al
cu

la
te

s 
th

eo
re

tic
al

 g
ly

co
pe

pt
id

es
 f

ro
m

 th
e 

U
ni

pr
ot

 d
at

ab
as

e
• 

D
et

er
m

in
es

 p
ep

tid
e 

m
as

s 
an

d 
gl

yc
an

 c
om

po
si

tio
n 

fr
om

 ta
nd

em
 m

as
s 

sp
ec

tr
a

Mass Spectrom Rev. Author manuscript; available in PMC 2018 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hu et al. Page 47

So
ft

w
ar

e
F

ea
tu

re
s

Pe
pt

oo
ni

st
 (

G
ol

db
er

g 
et

 a
l. 

20
01

)
• 

Id
en

tif
ie

s 
th

e 
gl

yc
op

ep
tid

es
 in

 a
 p

ro
te

ol
yt

ic
 d

ig
es

t m
ix

tu
re

 u
si

ng
 ta

nd
em

 M
S 

da
ta

.
• 

E
xp

an
ds

 th
e 

nu
m

be
r 

of
 id

en
tif

ie
d 

gl
yc

of
or

m
s 

at
 a

 g
iv

en
 p

ep
tid

e 
si

te
s 

us
in

g 
M

S 
da

ta
 a

nd
 b

io
sy

nt
he

tic
 r

ul
es

Si
m

G
ly

ca
n™

 (
A

pt
e 

et
 a

l 2
01

0)
• 

C
om

m
er

ci
al

 s
of

tw
ar

e
• 

A
lg

or
ith

m
 p

re
di

ct
s 

gl
yc

an
 s

tr
uc

tu
re

 f
ro

m
 ta

nd
em

 m
as

s 
sp

ec
tr

a 
us

in
g 

a 
da

ta
ba

se
 o

f 
th

eo
re

tic
al

 d
is

so
ci

at
io

n
• 

A
pp

lic
ab

le
 to

 g
ly

co
pe

pt
id

es

Sw
ee

t-
H

ea
rt

 (
W

u 
et

 a
l. 

20
13

)
• 

A
 to

ol
 f

or
 a

pp
lic

at
io

n 
io

n 
tr

ap
 m

ul
tis

ta
ge

 ta
nd

em
 M

S 
to

 g
ly

co
pe

pt
id

e 
an

al
ys

is
• 

A
lg

or
ith

m
 d

ri
ve

s 
se

le
ct

io
n 

of
 M

S3  
st

ag
es

 to
 in

cr
ea

se
 th

e 
ab

un
da

nc
es

 o
f 

pe
pt

id
e 

ba
ck

bo
ne

 p
ro

du
ct

 io
ns

• 
H

C
D

 tr
ig

ge
re

d 
C

ID
 o

r 
E

T
D

Sw
ee

tS
E

Q
er

 (
Se

ra
ng

 e
t a

l. 
20

13
)

• 
Id

en
tif

ie
s 

gl
yc

op
ep

tid
e 

ta
nd

em
 m

as
s 

sp
ec

tr
a 

pr
es

en
t i

n 
pr

ot
eo

m
ic

s 
ta

nd
em

 m
as

s 
sp

ec
tr

om
et

ri
c 

da
ta

 s
et

s
• 

A
ut

om
at

es
 a

ss
ig

nm
en

t o
f 

gl
yc

an
 p

ro
du

ct
 io

ns
 in

 p
ro

te
om

ic
s 

da
ta

Sw
ee

t s
ub

st
itu

te
 (

C
le

re
ns

 e
t a

l. 
20

04
)

• 
C

re
at

es
 th

eo
re

tic
al

 n
eu

tr
al

 m
as

s 
gl

yc
op

ep
tid

e 
co

lli
si

on
al

 ta
nd

em
 m

as
s 

sp
ec

tr
a 

ag
ai

ns
t w

hi
ch

 e
xp

er
im

en
ta

l d
at

a 
m

ay
 b

e 
se

ar
ch

ed
• 

Se
ar

ch
es

 f
or

 g
ly

ca
n 

fr
ag

m
en

ts
 f

ro
m

 g
ly

co
co

nj
ug

at
es

Mass Spectrom Rev. Author manuscript; available in PMC 2018 July 01.


	Abstract
	I. INTRODUCTION
	II. IDENTIFICATION METHODS FOR GLYCOPEPTIDES
	A. DATABASE SEARCH-BASED METHODS
	B. DE NOVO SEQUENCING-BASED METHODS
	C. SPECTRAL LIBRARIES
	D. INSIGHT FROM PTM PROTEOMICS
	E. STRATEGIES FOR IMPROVING SEQUENCING PERFORMANCES
	F. MISCELLANEOUS ISSUES

	III. VALIDATION STRATEGIES FOR GLYCOPEPTIDES
	A. FALSE DISCOVERY RATE AND TARGET-DECOY APPROACH
	B. STRATEGIES FOR IMPROVING VALIDATION

	IV. QUANTIFICATION
	A. QUANTIFICATION OF DEGLYCOSYLATED PEPTIDES AS GLYCOPEPTIDE SURROGATES
	B. QUANTIFICATION OF SITE-SPECIFIC GLYCOFORMS

	V. SOFTWARE DESIGN AND DEPLOYMENT
	A. EXTENSION FROM CURRENT FRAMEWORKS
	B. STANDARD FORMATS FOR MODULE COMMUNICATION
	C. USER INTERFACE AND BATCH PROCESSING
	D. AVAILABLE TOOLS TOWARDS PIPELINE DEPLOYMENT

	VI. CONCLUSIONS AND PROSPECTS
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3

